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The essential condition for the usefulness of the crystalline lens of the 
eye as a functioning organ of the body is that its morphological structure 
and its transparency should be maintained throughout life. Cataract 
may be defined as any pathological condition of the lens in which its 
normal transparency is altered. A partial loss of transparency results 
from the appearance in the clear tissue of discrete areas of opacity, and 
these may assume patterns of great variety. The opacities may remain 
unchanged for a long time, or the degeneration may progress until the 
normally clear transparent tissue becomes milky white and completely 
opaque. The essential change involved in the loss of transparency is 
probably a coagulation of lens protein. This may occur locally in 
certain groups of lens fibres and finally spread throughout the tissue. 
The deposition of cholesterol and of calcium salts complicates the 
process. Since the lens is an intricate physico-chemical system, changes 
in the physical and chemical state of the lens proteins may be brought 
about by a variety of agencies. Thus, variations in hydrogen ion 
concentration, disturbance of osmotic equilibria, and the deleterious 
action of heat or light may be etiological factors in cataract production. 
But the lens is also a living tissue with a definite metabolism, and any 
interferences with its normal metabolic processes may be expected to 
lead to degenerative changes. This review will be concerned with 
what is known of the metabolism of the normal lens and with the rela- 
tion of certain metabolic disturbances to cataract formation. 

THE NORMAL LENS. Structure and growth. The crystalline lens of 
the eye is a colony of almost colourless, transparent cells enclosed in a 
highly elastic membrane, the lens capsule, upon which it depends for 
the maintenance of its shape. By means of this capsule it is suspended 
from the ciliary body. It is situated immediately behind the-iris and is 
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surrounded by the intra-ocular fluids, the aqueous humor which fills 
the anterior chamber and the vitreous body which fills the posterior 
chamber of the eye-ball. Although soft, the lens has a complex struc- 
ture. It is made up of concentric layers, each layer being composed of 
long, narrow cells, the lens fibres, which are cemented together by 
mucoid. The laminated structure arises from the peculiar mode of 
growth of this tissue. Unlike other tissues, growth in the lens takes 
place from the outside; new lens fibres arise in the sub-capsular epi- 
thelium and, since corresponding fibres in each layer are formed at 
about the sagne time, the lens substance is built up by the overlaying 
of one stratum of cells upon another so that the gross structure resembles 
that of an onion. The lens is continually increasing in size throughout 
life, and thus the oldest cells are in the central part of the lens while the 
youngest are at the periphery. In the human léns five regions can be 
differentiated, being marked off by zones of discontinuity visible with 
the slit-lamp (Duke-Elder, 1932). These are: 1. The most central 
part, the embryonic nucleus, formed during the .first three months of 
embryonic life. 2. The fetal nucleus, formed from the third to the. 
eighth month of fetal life. 3. The infantile nucleus, laid down during 
the last weeks of fetal life and continuing to be formed up to puberty. 
4. The adult nucleus, formed after puberty and in adult life. 5. The 
cortex, the soft and young superficial fibres between the nuclei and the 
sub-capsular epithelium. The difference in the age of the fibres in the 
different layers of the lens must be borne in mind in considering its 
chemistry and metabolism, as certain changes in chemical composition 
and a decrease in metabolic activity occur with increasing age. 

The lens is essentially an epidermal tissue ; it is developed embryologi- 
cally from a vesicular invagination of the surface ectoderm. / 

Chemistry. Lens tissue is composed chiefly of protein (35 per cent) 
and water (about 60 per cent); lipoids and inorganic salts are present 
in small amounts. The relatively large proportion of protein and its 
importance in relation to pathological changes has focused the attention 
of investigators upon this lens constituent. Four separate lens proteins 
have been identified. These are: 1. Albumoid, an insoluble protein, 
found chiefly in the central part of the lens. 2. Two water soluble 
proteins, a- and f-crystallin, which predominate in the outer layers. 
3. Albumin, which is water soluble, present only in small amounts, 
and not localised. 

The properties of these proteins are summarized in table 1. Our 
knowledge of albumoid and of the two crystallins is due chiefly to the 
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early and very accurate work of Morner-(1894). Further investigations 
were carried out by Jess (1913-1922), who confirmed and extended the 
work of Moérner. More recent investigations of the chemistry of the 
lens proteins have been made by Krause (1932-1934), and by Burky 
and Woods (1928), who isolated the albumin fraction and gave to it — 
the name, ‘gamma crystallin.”’ 

The amino acid content of the three principal lens proteins is shown in 
table 2 (Jess, 1922a). 

It is interesting to note that Jess found no glycine in any of the lens 
proteins; this observation has been confirmed by Hijikata (1922). The 
absence of glycine and the relatively high proportion of diamino acids 
suggests that the lens proteins are related to the albumins; however, the 
solubility reactions of a- and f-crystallin indicate that they are pseudo- 
globulins (Burky and Woods, 1928). 

The presence of free sulphydryl groups in the soluble lens proteins has 
been established by the application of the nitroprusside test to the 
purified protein (Jess 1913a); with 6-crystallin the reaction is strongly 
positive; a-crystallin also gives a positive reaction, but albumoid, in 
spite of its relatively high sulphur content, gives a negative reaction. 

With increasing age the proportion of insoluble albumoid to soluble 
crystallin is increased ; this has led to the suggestion (Jess, 1913) (Krause, 
1934b) that a conversion of crystallin into inactive albumoid takes | 
place as the metabolic activity of the lens fibres decreases. In cata- 
ractous lenses the amount of soluble protein is greatly diminished; this 
may be due partly to a conversion of crystallin into albumoid, and partly 
to hydrolysis of these proteins and diffusion of the cleavage products out — 
of the lens. 

In addition to the four proteins already described, mucoprotein and a 
trace of nucleoprotein have been identified (Krause, 1934b). Muco- 
protein is present to the extent of 0.84 per cent of the total protein. It 
is thought to be the substance which cements the lens fibres together and 
permits the cortical fibres to move in accommodation. Upon acid 
hydrolysis it gives a sulphate and a reducing carbohydrate. Krause 
(1934b) found a small amount of carbohydrate, which he believed to 
be a derivative of mannose, in each of the lens proteins. 

The immunological properties of lens protein are interesting and have 
been extensively investigated (Hektoen, 1921; Hektoen and Schulhof, 
1924; Woods and Burky, 1927; Burky, Woods and Woodhall, 1933, and 
others). Unlike other tissue proteins, they are organ specific and species 
non-specific. Briefly this means that their chemical structure is the 
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same in all species and differs from the general tissue proteins so mark- 
edly that they are capable of acting as foreign protein. When lens 
extracts are injected into an animal, precipitins and complement-fixing 
bodies appear in the blood, and these react in the test-tube with lens 
extracts from all vertebrate species. The organ specific reactions appear 


TABLE 1 
prec. | COAGULA- | SPECIFIC 
or tora, | marc porwr | TEM | ROTATION, 
31.74 | pH 4.8 72 —46 .9° 
1.46 none 53 —80.0° 
TABLE 2 
Amino acids of lens proteins (grams per 100 grams) 

@-CRYSTALLIN | 8-CRYSTALLIN ALBUMOID 
Glycine......... 0 0 0 
Leucine and isomers..................... 5.7 2.8 5.3 
5.5 4.1 4.6 
7.8 7.5 10.3 


to be confined to the a- and 6-crystallins (Hektoen and Schulhof, 1924; 
Burky and Woods, 1928), which suggests that only these two lens pro- 
teins have some chemical similarity in all vertebrates. It may be men- 
tioned here that a number of investigators have tried to relate the im- 
munological properties of lens proteins to cataract formation but without 


success. 
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The fatty substances of the lens have not been so thoroughly investi- 
gated as the proteins. The varying methods of extraction and the un- 
satisfactory technique of estimation used by various workers are the 
source of some confusion. The lipoids present are chiefly phospholipins 
and cholesterol; free fatty acids and fats are present in small amounts. 
In human lenses and in cattle lenses the total lipoid inereases with in- 
creasing age (Goldschmidt, 1922; Gross, 1907; Biirger and Schlomka, 
1927); this is due to a rise in both the cholesterol and phospholipid 
fraction. A marked increase in the cholesterol content of cataractous 
lenses has been repeatedly reported (Cahn, 1881; Goldschmidt, 1922; 
Cahane, 1931; Salit, 1931a). 

Non-protein nitrogenous substances are present in lens tissue. The 
total amount is 80 to 100 mgm. per cent. (Salit, 1931b); urea, creatine 
and creatinine have been identified in this fraction. 

Normal human lens contains 60 mgm. per cent. free glucose (Lottrup- 
Anderson, 1927) and bovine lens 135 to 145 mgm. per cent (O’Brien and 
Salit, 1931). Kronfeld and Bothman (1928) found the lens sugar to 
be the same as the blood sugar and reported that it was a hexose. No 
glycogen has been found in lens tissue. 

Reduced glutathione is present as the free tripeptide and not as a 
part of the lens protein (Goldschmidt, 1924). The amount, originally 
determined by iodine titration, was thought to be very large; Michail 
and Vancea (1928) reported 356 mgm. per 100 grams of lens. More 
recently it has been shown that the lens also contains ascorbic acid, and 
that the presence of this substance accounts for about 30 per cent of the 
total reduction as determined by the iodometric method (v. Euler and 
Martius, 1933; Miller and Buschke, 1934a). 

In the ash of normal lenses, sodium, potassium, calcium, chloride, 
phosphate and sulphate are found. A part, at least, of the sulphate and 
phosphate are derived from the organic constituents, the protein and 
phospholipins. Nothing is known concerning the distribution of the 
inorganic constituents in the living lens. Sodium, potassium and 
calcium are present as chlorides, and, possibly, also as other salts. 
Whether the salts are ionized or unionized, or whether the metals are 
combined with the lens protein is not known. The inorganic composi- 
tion of the lens differs from that of both aqueous humor and blood 
plasma chiefly in the relative proportions of sodium, potassium and 
calcium. In the lens potassium is greatly in excess of sodium and the 
amount of calcium is small; it has been pointed out that, in the relative 
proportions of potassium and calcium, the lens resembles the red blood 
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corpuscle (Kirby, 193la). In the cataractous lens the normal propor- 
tions are altered; sodium and chloride are increased, potassium is 
diminished, and calcium is greatly increased. Analyses of normal and 
cataractous human lenses are recorded by Makay et al. (1932) and Burge 
(1909); Fischer (1933) has analysed a series of animal lenses. By 
spectroscopic examination of the ash of lenses Burdon-Cooper (1928) 
detected the presence of many elements, such as zinc, boron, silver, 
lithium, ete., which are not commonly found in tissues. 

‘A valuable summary and critical review of the literature on the 
biochemistry of the tissues of the eye, including the lens, has been 
recently published (Krause, 1934b); only such facts as were considered 
to be essential to an understanding of the nature of lens tissue have been 
given here. 

Nutrition of the lens. Since the lens has no direct blood supply, 
oxygen and nutrient material must reach it from the aqueous humor by . 
diffusion through the lens capsule, and the waste products of its me- 
tabolism must be removed by a similar process. There are many 
questions still unsettled concerning the origin of the aqueous and the 
manner of its circulation within the eye. Modern opinion favours the 
view that the aqueous humor is a dialysate in equilibrium with capillary 
blood, the dialysing membrane being the capillary wall; in this case it 
would have no definite circulation (Duke-Elder, 1934). An alternative 
opinion widely held is that the intraocular fluid is secreted by the cells 
of the ciliary epithelium, that it circulates through the eye and finds 
exit largely through the canal of Schlemm. However this may be, it 
is obvious that the physical and metabolic integrity of the lens is toa 
large extent dependent upon the composition of the aqueous; factors 
which affect this may be expected to affect the lens also. Thus an 
alteration in capillary permeability resulting in changes in the water, 
salt or hydrogen ion concentration of the aqueous may initiate a series of 
degenerative changes in the lens by upsetting its physico-chemical 
equilibrium. Or specific chemical compounds circulating in the blood- 
stream, by reason of systemic disease or the ingestion of drugs or poisons, 
may reach the lens and there, by chemical reaction with the protein or 
other lens constituent, may produce changes resulting in a loss of 
transparency. 

Analyses of the chemical composition of the aqueous humor have been 
reported by Duke-Elder (1934), Cohen et al. (1927), and the findings 
have been summarised by Krause (1934b). Glucose, amino-acids, 
inorganic salts, are present in the aqueous humor, which has many of 
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the chemical characteristics of the cerebro-spinal fluid and of the ultra- 
filtrate of blood plasma. The substrate which the lens uses for its 
metabolic activities must be present in the aqueous; but to reach the 
lens tissue substances must first pass the barrier of the lens capsule. It 
is clear that any deviation from the normal permeability of this mem- 
brane may interfere with the metabolism of the lens, either by preventing 
metabolites from reaching it or by hindering the diffusion away of the 
end products of lens metabolism. 

An extensive investigation of the permeability of the isolated lens 
capsule has been carried out by Friedenwald (1930). A number of 
interesting facts emerge from his results. Normally the lens capsule 
behaves as an inert semipermeable membrane; among the substances 
tested by Friedenwald no evidence of anomalous permeability was dis- 
covered. As compared with other biologic membranes, the permeability 
of the lens capsule was found to be high, exceeding that of the capillaries. 
It was found to be freely permeable to water and to electrolytes, highly 
permeable to glucose, and less permeable to sucrose, raffinose, and 
galactose. The permeability to colloids depended on the size of the 
particle, and, to a less extent on the charge which the particle carried; 
positively charged particles diffused more readily than those which carried 
a negative charge. Exposure to calcium chloride solutions, potassium 
cyanide, and egg albumin caused a marked reduction in the permeability 
of the capsule. Potassium chloride was without effect, but contact with 
blood serum abolished the permeability. In cows there was significant 
decrease in the permeability of the capsule with age. Contact with 
cataractous lenses or exposure to autolysed lens substances caused a 
great increase in permeability. An interesting experiment was per- 
formed by Friedenwald to demonstrate that a decrease in capsular 
permeability in vivo leads to cataract formation. Eosin and gentian 
violet were injected into the vitreous of a rabbit; the precipitation of 
these dyes in the capsule greatly diminished its permeability; posterior 
cortical cataract developed and became mature in two months. 

Many theories of the etiology of cataract have been based upon 
changes in the permeability of the lens capsule. Thus the formation 
of senile cataract has been attributed to a decrease (Friedenwald, 1930) 
and to an increase (Léwenstein, 1925; Lowenstein and Haurowitz, 
1929) in capsular permeability with age. But no clear evidence has been 
produced to show that any of the factors which produce cataract do so 
primarily by their effect on the lens substance or secondarily by altering 
the permeability of the lens capsule. 
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The metabolism of the lens. Up to the end of the last century the 
metabolism of the lens was considered to be insignificant, and attention 
was centred upon the optical properties of this organ. The experiments 
of Wagenmann (1890), in which lens changes were produced by the 
ligation of the posterior ciliary artery, suggested that an interference 
with the supply of oxygen or nutrient material to the lens might be 
one of the causes of cataract. 

Alghren, in 1923, published a paper entitled “‘Gibt es einen Stoff- 
wechsel in der Kristallinse?”” He was able to answer the question in the 
affirmative. Using the Thunberg methylene blue technique, he found 
that the reducing power of lens tissue was about five times as great as 
that of nerve tissue. He attributed the reduction of methylene blue 
by the lens tissue partly to the presence of autoxidizable substance such 
as the SH group, but chiefly to the presence of enzymes, dehydrogenases, 
on the grounds that the reduction behaved like a typical enzyme reaction 
towards variations in hydrogen ion concentration, and that the reducing 
power was diminished by strong cooling, due to the “‘kryo-lability”’ of 
certain dehydrogenases. The reducing power was found to be much 
reduced by water extraction, but could be restored by the addition of 
hydrogen donators. He found that lactic, malic, fumaric and maleic 
acids, alcohol, glycerolphosphoric acid, amino acids, such as alanine and 
valine, were active. He found that succinic acid, which in all other 
tissues investigated was easily burned, was not oxidized by the lens, 
while fumaric acid was more readily oxidized by lens than by other 
tissue. From these two facts he concluded that the metabolism of the 
lens might follow a different path from that of other tissues. Adams 
(1925b) repeated the work of Alghren and found that succinic acid 
could be oxidized by lens, but less readily than glucose or fumaric 
and malic acids. 

The metabolic activity of the lens has been more directly demon- 
strated. The oxygen uptake of whole lenses suspended in buffer solutions 
was measured by micro-respiration technique. The figures for oxygen 
consumption reported by different workers are somewhat variable: 


c.MM. O2 PER 
ANIMAL HOUR (WHOLE OBSERVER 
LENS) 

6-9 Mashimo (1923) 

pein ob 4-30 Kronfeld and Bothman (1928) 
4 Schmerl (1927) 
10-22 Schmerl (1929) 

15-30 Kronfeld and Bothman (1928) 
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Since the figures are not reported in terms of the dry weight of the lens, 
comparison with other tissues is difficult. Fresh rabbit lens weighs 
about 0.5 gram and fresh ox lens about 2 grams, but the weight varies 
with the age of the animal. The accuracy of these measurements is 
doubtful on account of probable technical errors. No conclusions can 
be drawn from them regarding the exact magnitude of the oxidative 
reactions of the lens, but they demonstrate that the lens does consume 
oxygen, and that the amount used is measurable. 

Injury to or removal of the lens capsule causes an increase in oxygen 
uptake (Mashimo, 1923; Kronfeld and Bothman, 1928; Schmerl, 1929). 
Injury to the lens substance itself, such as might result from trauma or 
be present in the early stages of cataract formation, also increases the 
oxygen uptake; the mechanism of this is not known. When cataract is 
far advanced or mature the oxygen uptake is markedly reduced or nil 
(Mashimo, 1923;Schmerl, 1929). There is no evidence to prove that the 
oxygen consumed by the lens is used for the burning of carbohydrate. 

Evidence that the production of lactic acid is one of the normal 
metabolic processes of the lens is derived from several sources. The 
lactic acid’ content of aqueous humor is higher than that of blood (Witt- 
genstein and Gadertz, 1926); in the opinion of Fischer (1934a) this 
excess of lactic acid could not be derived from the retina, since this 
organ has a blood supply of its own, and therefore must be produced by 
the lens. In the eye from which the lens has been removed the lactic 
acid content of the aqueous is decreased (Fischer, 1931). Glucolysis 
of its own and added glucose by the lens in vitro has been demonstrated 
(Kronfeld and Bothman, 1928; Cohen and Killian, 1929; Michail and 
Vancea, 1932). Using Warburg’s method, Kronfeld and Bothman 
found that, under aerobic conditions, lactic acid equivalent to 30 or 
40 emm. CO, per hour was produced by a whole rabbit lens; pig lens 
produced twice this amount. Under anaerobic conditions glucolysis 
was increased. The reaction was inhibited by narcotics. It has been 
calculated that the amount of glucose used and lactic acid produced by 
a rabbit lens is 0.1 to 0.2 mgm. per hour depending on the weight and 
age of the lens (Kronfeld, 1933). Michail and Vancea (1932) state 
that the glucolytic power of beef lens in vitro is of the same order as that 
of pancreas, kidney, lung or testicle. The nucleus of the normal lens 
uses no oxygen (Schmerl, 1928), but produces lactic acid (Michail and 
Vancea, 1932). 

Some idea of the magnitude of the metabolic activity of the lens may 
be obtained from the calculation of Kronfeld (1933) who found that 
the lens of a rabbit used 0.3 mgm. of oxygen and converted 2.4 mgm. of 
glucose to lactic acid in a day; from this he estimated that the lens 
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consumes 0.25 per cent of the oxygen and glucolyses 1 per cent of the 
glucose used by the whole eye. 

Other enzymes whose presence in the lens has been demonstrated are: 
catalase, oxydase, lipase, two proteases (Krause, 1934b). 

Nothing is known about the synthesis of protein in the lens; and yet the 
specific lens proteins must be synthesized, since the lens grows and the 
total protein increases with age. It is uncertain whether the amino acids 
supplied to the lens from the aqueous are used, or whether the proteins 
of the aqueous are split to smaller fragments, which are used as building 
stones for the lens protein. 

It has been suggested that ascorbic acid (vitamin C) is synthesized 
by the lens but this is not proved. The evidence on which this sug- 
gestion is based is: first, the ascorbic acid content of the aqueous humor 
is higher than that of blood (Miiller et al., 1934; Eekelen et al., 1934); 
second, in the eye from which the lens has been removed the ascorbic 
acid content of the aqueous is much diminished (Miiller, 1933; 1934). 
Fischer (1934a) believes that this synthesis is accomplished by the 
dehydrogenation of glucose in the presence of the reversible sulphydryl 
system which acts as hydrogen acceptor. Two alternative hypotheses 
are offered to explain the relatively high ascorbic acid content of the 
aqueous. Eekelen et al. (1934) reject the idea that the aqueous is a 
simple ultrafiltrate of blood plasma, and assume that the blood-aqueous 
barrier possesses a selective permeability, by virtue of which ascorbic 
acid is concentrated in the aqueous. Goldman and Buschke (1935) 
claim that the reversibly oxidized form of ascorbic acid is present in 
the blood, diffuses into the aqueous and is reduced to vitamin C in the 
presence of the lens. 

The importance of the sulphydry] autoxidation system in the metab- 
olism of the lens has been greatly stressed. The conception of a revers- 
ible oxidation-reduction mechanism associated with the SH groups in 
the lens protein was developed even before the discovery of glutathione 
(Goldschmidt, 1917). Later glutathione was isolated from lens tissue 
(Goldschmidt, 1924), and it was proved that the lens contained the 
same autoxidation system which Hopkins had found in other tissues; 
the SH-containing protein, 6-crystallin, acted as the thermostable residue 
and glutathione was the soluble constituent (Adams, 1925a). It was 
demonstrated that the oxygen consumption of the lens is considerably 
decreased or entirely absent after removal of the glutathione by dialysis, 
and that the addition of a few milligrams of glutathione to the dialysed 
lens restored the oxygen uptake to normal. Heat and exposure to 
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ultra-violet light decreased the glutathione content of the lens and also 
diminished its power to oxidize organic acids (Adams, 1925b). It has 
been suggested (Goldschmidt, 1924) that the autoxidation system is 
the mechanism by which oxygen supplied to the lens is activated. 
However, recent work has not established the function of the Hopkins 
autoxidation system, and the functon of glutathione is not clearly 
understood. It is not definitely established that glutathione is con- 
cerned in any of the oxidative reactions of cells. The available evi- 
dence suggests that glutathione and sulphydryl groups may act as 
activators or coenzymes for enzyme activity and that a loss of activity 
takes place when the —SH is converted to the —SS— form (Lewis, 
1935). In the lens, glutathione may take part in protein synthesis or 
it may be concerned in glucolysis. 

Nothing whatever is known concerning the rdéle of lipoid substances 
in lens metabolism. Obviously, knowledge of the metabolism of the 
lens is still elementary. Further investigation of its qualitative and 
quantitative aspects is an interesting physiological problem and may 
shed some light on the mystery of the pathogenesis of cataract. 

METABOLIC FACTORS IN RELATION TO CATARACT. In man cataract 
is primarily associated with senility. It occurs also in diseases such 
as diabetes, aparathyroidea, myotonia atrophica, mongolian idiocy and 
cretinism. It may result from prolonged exposure to infra-red rays, or 
be produced by the ingestion of specific poisons, such as ergot and dini- 
trophenol. In animals it is common in old age, and has been produced 
experimentally by the administration of naphthalene to rabbits and of 
thallium acetate to rats, by removal of the parathyroid gland in rats 
and dogs, and by dietary deficiencies in rats. It may be said that in 
no case is the mechanism of the process understood. There is no reason 
to suppose that there is only one cause operating in all these cases, no 
doubt there are as many ways of producing cataract as there are of 
injuring the lens. The problem is to discover the factor or factors which 
initiate the changes in any particular case. In the hope of being able 
to prevent or arrest cataract occurring naturally in man, it is important 
to discover in how far cataractous changes may result from disturbances 
of the metabolism of the lens itself and to what extent the lens is affected 
by metabolic disturbance arising elsewhere in the body. 

Until more is known about the metabolism of the normal lens all of 
the factors affecting it can not be identified. The possible relation of 
alterations in the permeability of the lens capsule and of changes in the 
composition of the aqueous has been mentioned under the heading of 
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lens nutrition. Variations in the hydrogen ion concentration of the 
lens may either cause chemical changes in the proteins or affect the 
activity of enzymes; Goldschmidt (1924) showed that the reducing 
power of human lens disappeared at pH 7. 

The physical and metabolic integrity of the lens is, to some extent, 
dependent upon the maintenance of a normal metabolism of the whole 
organism. General metabolic disturbance may affect the lens by creat- 
ing a deficiency of some substance essential to lens metabolism, by 
producing toxic substances, by altering the composition of the aqueous 
in respect to water, salt or hydrogen ion concentration, or by other 
means as yet unknown. It should not be inferred that every disease 
or metabolic disorder leads to cataract formation. Cataract is only 
associated with a limited number of pathological conditions; and in these 
the factors which act upon the lens and initiate the degenerative changes 
have not yet been identified. The relation of certain particular factors 
to cataract formation will now be discussed. 

Glutathione. It has been repeatedly demonstrated that in the com- 
pletely cataractous lens the nitroprusside reaction is negative or only 
weakly positive (Reis, 1912; Jess, 1913a; Shoji, 1927; Weinstein, 1931; 
Cohen et al., 1928). In the early stages of cataract formation it is 
quite strongly positive, but it diminishes in intensity as the degenera- 
tive changes proceed. This is due to the progressive diminution in the 
amount of both glutathione and §-crystallin. -crystallin, which is 
the chief SH-containing protein, may be either replaced by insoluble 
albumoid (Jess, 1913b) or destroyed by autolysis (Krause, 1934b) 
during cataract formation. 

A reinvestigation of the reduced glutathione content of normal lenses 
has proved that the amount present is about 125 mgm. per 100 grams 
(cattle lenses, von Euler and Martius, 1933; Miller and Buschke, 1934a). 
Although this is much less than the values previously reported, 
the amount is still considerable, and glutathione is believed to play an 
important although unknown rdéle in lens metabolism. There is no 
doubt that the disappearance of glutathione from the lens is associated 
with cataractous changes. A number of workers have attempted to 
investigate this relationship further with a view to deciding whether 
the lens lesions are caused in the first instance by a lack of glutathione 
(SH) or whether the loss of SH is a secondary effect. In most of this 
work cataract has been experimentally produced by the administration 
of naphthalene. It has been shown (Bouchard and Charrin, 1886; 
Lesnick, 1888; Adams, 1930) that when naphthalene is given by stomach 
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” tube to rabbits in daily doses of about 1 gram per kgm. of body weight, 
lens changes begin to appear within a short time (1-3 days) ; the changes 
are progressive and within about 20 days or less the lens become com- 
pletely opaque. The form of the initial lesions and the course of their 
development resemble the changes taking place in the formation of 
human senile cataract. How naphthalene acts in the body so as to 
produce this effect upon the lens is not known, but there is a certain 
amount of evidence which suggests that it may act by withdrawing 
glutathione from the lens. In the first place it was shown (Tsuji, 1932; 
Gifford, 1932) that the glutathione content of the lens is diminished 
after the administration of naphthalene. It was then proved, by the 
rise in the neutral sulphur fraction of the urine (Nakashima, 1934) and 
by the isolation of a cysteine-containing derivative of naphthalene 
(a-naphthyl mercapturic acid, Bourne and Young, 1934) from the 
urine of rabbits after naphthalene feeding, that conjugation with cyst- 
eine is one of the mechanisms used by the body for detoxication of 
naphthalene. It is, therefore, not unreasonable to suppose that, by 
requiring cysteine for detoxication, naphthalene might create a defici- 
ency of glutathione or other form of sulphydryl in the body, and that 
to such a deficiency the lens might be peculiarly susceptible: However, 
the point is not proved. Other derivatives besides the mercapturic 
acid are produced by the metabolism of naphthalene; ethereal sulphate 
is formed and there is evidence of the existence of at least one other 
derivative (Bourne and Young, 1934; Stekol, 1935). The loss of glu- 
tathione may be a secondary effect of changes produced by some other 
agency. Gifford (1932) showed that in naphthalene cataract, the opaci- 
ties in the lens occurred at a time when the glutathione content was 
only slightly reduced; and Jess (1913a) found that naphthalene cataract 
which showed a total opacity gave a positive nitroprusside reaction and 
that the nitroprusside test did not become negative until the degenera- 
tion had gone on for a long time (6 months). The writer had been 
unable to produce lens changes by the administration of bromobenzene, 
which is also excreted as the mercapturic acid, and which therefore might 
be expected to act in the same manner as naphthalene in respect to the 
withdrawal of cysteine. 

Similarly the attempt has been made (Bourne and Campbell, 1936), 
to find out whether or not patients with senile cataract showed evidence 
of some disorder of sulphur metabolism whereby a deficiency of sulphy- 
dryl might be created in the lens. However the sulphur metabolism, 
in so far as could be determined by a study of the partition of urinary 
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sulphur, was found to be normal; the blood glutathione in the same 
patients was also normal (Campbell, 1936). 

Ascorbic acid (vitamin C). In the examination of various tissues for 
their vitamin C content by the 2-6-dichlorphenol-indo-phenol titration 
method it was discovered that the crystalline lens and the aqueous 
humor have a very high reducing value towards this indicator (Birch 
and Dann, 1933, 1934; Harris, 1933). In order to prove that the reduc- 
ing substance concerned was ascorbic acid, the anti-scorbutic activity 
of lens and aqueous was tested biologically by the method of Harris 
et al. (1932). That is, lens tissue and aqueous humor were fed to guinea 
pigs which had been kept on a vitamin C-free diet until loss of weight 
occurred and symptoms of scurvy appeared; the vitamin C content of 
the tissue was estimated by the dose required to produce recovery. 
However, Birch and Dann (1934) found that the anti-scorbutic potency 
of lens and aqueous as tested by the biological method was much less 
than that indicated by the chemical estimation. In their experiments 
protection from scurvy by the feeding of lenses could only be demon- 
strated by the “‘tooth structure method” of Key and Elphick (1931). 
They concluded that this lack of agreement between the biological 
and chemical methods of estimation was not due to a lack of vitamin C 
in the tissue, but to the presence of a toxic substance. Evans (1934) 
was unable to observe any anti-scorbutic action after feeding lenses, 
and concluded that lens contains little or no vitamin C. Kawachi 
(1934) was able to prevent symptoms of scurvy by feeding 5 cc. of 
aqueous daily to guinea pigs on a vitamin C-free diet; but he found that, 
although the animals did not lose weight, they did not gain weight as 
well as animals receiving fresh vegetables. von Euler and Malmberg 
(1934) found that the lenses of cattle as well as those of the fish, Gadus 
merlangus, possessed anti-scorbutic activity; but since the majority of 
their animals died they concluded with Birch and Dann that the lens 
must contain some substance toxic to the guinea pig. 

The question was reinvestigated by Demole and Miiller (1935) who 
believed that the conflicting results obtained by previous workers were 
due to a loss of vitamin C potency in the tissue on exposure to air. 
They demonstrated that on standing in a tube closed with a cotton 
wool plug, either at 21°C. or in a refrigerator, the reduction value of 
aqueous humor was decreased 30 to 50 per cent. Accordingly in their 
biological tests they injected subcutaneously either fresh aqueous 
humor or an extract prepared by neutralizing a trichloracetic acid 
filtrate from fresh lens tissue. By this means they were able to esti- 
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mate the anti-scorbutic potency of both lens and aqueous; and the 
vitamin C content as indicated by the biological test was in good agree- 
ment with that estimated by the chemical method. Thus the presence 
of vitamin C in the lens and in the aqueous appears to be established. 


The amount in the lens, as estimated by the reduction method, varies 
with the species: 


ANIMAL OBSERVER 
mgm. per 
100 grams 
ake 20-40 Miiller et al., 1934 
av. 33.5 Miller and Buschke, 1934a 
37-53 Ray et al., 1935 
ER Ee 46 Birch and Dann, 1933 
20 von Euler and Malmberg, 1934 
7 Miller and Buschke, 1934a 


It is claimed that the lenses of young animals contain more vitamin C 
than those of old animals (Miller and Buschke, 1934a). In cataract- 
ous lenses the vitamin C content is so greatly diminished that it is 
difficult to estimate by the present methods (von Euler and Martius, 
1933; Miiller et al., 1934; von Euler and Malmberg, 1934). 

Nothing is known with certainty regarding the function of vitamin 
C in the metabolism of the lens. It has been suggested that ascorbic 
acid and glutathione may be two linked factors in one system of oxida- 
tion in animal cells (Birch and Dann, 1933). Miiller (1933; 1934), 
Miiller and Buschke (1934b) suggested that ascorbic acid was con- 
cerned in the respiration of the lens. A number of investigators have 
recently shown that various enzyme systems are activated or inhibited 
by vitamin C, but nothing is known concerning its relation to enzyme 
systems in the lens. The center of the lens which respires less than the 
outer layers, contains less vitamin C (Miiller et al., 1934). 

The relation of vitamin C to cataract formation is problematical. 
It appears highly probable that this substance has some essential func- 
tion in normal lens metabolism and if this is so any condition which 
would lead to its withdrawal might be expected to induce degenerative 
changes. However, cataract is not associated clinically with scurvy 
in human beings, nor is its occurrence recorded in experimental animals 
on scorbutic diets. Bietti and Carteni (1934) report that in guinea 
pigs on a scorbutic diet the ascorbic acid rapidly diminished, after 30 
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days practically no vitamin C remained in the lens and very little in 
the aqueous; yet the lens remained transparent to the last. Monjukowa 
and Fradkin (1935) state that they observed by means of the slit-lamp 
posterior cortical opacities in the lenses of six out of fifty guinea pigs 
which had been kept on a scorbutic diet and which were in the terminal 
stages of scurvy. By paracentesis of the anterior chamber of the eye 
and withdrawal of the aqueous these authors were able to induce 
lens changes in scorbutic animals in which the lens had remained clear. 
From this they conclude that the absence of ascorbic acid from the 
aqueous is an etiological and not a secondary factor in cataract produc- 
tion. The same authors report that they were able to observe lens 
changes in the new born offspring of a scorbutic guinea pig. 

After the administration of naphthalene to a rabbit in cataract- 
producing doses, vitamin C was found to disappear almost completely 
from the aqueous, while in the lens there was no appreciable loss until 
the opacity was well marked (Miiller et al., 1934). von Euler and 
Malmberg (1934) could detect no change in the ascorbic acid content 
of the lens after the administration of naphthalene or dinitrophenol. 

Josephson (1935) claimed that good results were obtained in the 
treatment of al] forms of cataract in human beings by means of vitamin 
C therapy; the results were said to be especially good in senile cataract 
and strikingly good in dinitrophenol cataract. Miiller and Buschke 
(1934c) were unable to obtain any conclusive results in the attempt 
to prevent naphthalene cataract by the injection of ascorbic acid into 
the ear vein of rabbits. 

Evidence has been obtained (Ray et al., 1935) that on a diet deficient 
in the vitamin B-complex, ascorbic acid disappears from the lenses 
of rats. The effect is not due to inanition; it is not due to a deficiency 
of either of the known components of the vitamin Be-complex (flavin 
or the anti-pellagra factor [Bs]), or to vitamin B, deficiency. The 
lenses of vitamin A deficient rats contain normal amounts of ascorbic 
acid. Thus the dietary factor responsible is not identified, but egg- 
white was found to be a potent source of the factor which prevents this 
change. This observation is the more remarkable since the rat is known 
to be capable of synthesizing vitamin C; in fact, in these experimental 
animals vitamin C was present in the liver and kidney in normal 
amounts. The authors suggest three possible explanations of their ob- 
servations: 1, the mechanism of synthesizing vitamin C in the lens 
differs from that of the liver and kidney; 2, vitamin C is supplied to the 
lens from elsewhere in the body, but in animals on a restricted diet this 
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mechanism breaks down; as an objection to this the authors observe 
that the injection of large doses of vitamin C failed to produce more 
than a slight increase in the vitamin C content of the lens; 3, ascorbic 
acid, together with some oxidizing agent, forms part of a complex 
oxidation-reduction system in the lens; as a result of dietary deficiency, 
the amount of the oxidizing substance is increased. The authors 
consider that the last is the most plausible explanation of the observed 
effects. They do not state that cataract occurred in their experimental 
animals in which the ascorbic acid content of the lens was so reduced; 
they remark that they hope to study the histological changes, ‘‘if any,”’ 
in the lens. 

The observations recorded above are all fairly recent and many of 
them require confirmation. It is evident that more information as to 
the function of vitamin C in the normal lens is required before any 
theory as to its relation to cataract formation can be elaborated. 

Nutritional factors. Relatively large amounts of the essential amino 
acids are required for the elaboration of lens protein, and the lens is a 
growing tissue, therefore it may be peculiarly susceptible to dietary 
deficiency. The occurrence of cataract in rats on diets deficient in 
tryptophane has been reported (Curtis et al., 1932). The larvae of 
the tiger salamander, fed on a highly purified milk powder and casein 
diet were found to develop cataract in mid-larval life; the effect was 
attributed to a deficiency of cystine in the diet, since the feeding of 
cystine as a supplement prevents the appearance of cataract (Patch, 
1934). It was claimed that a deficiency of vitamin A in the diet caused 
cataract in rats (von Szily and Eckstein, 1923); but Jess (1925) showed 
that the cataract was secondary to the severe damage to the cornea and 
to the pathological changes occurring in the anterior part of the eye. 
At present the idea that vitamin Be deficiency causes cataract in rats - 
is widely accepted, but since this has not been proved it will be discussed 
more fully. 

Vitamin B, deficiency. The occurrence of cataract in albino rats 
resulting from a deficiency of the vitamin B,-complex in the diet was 
first reported by Day et al. (1931). The ration used was that of Sherman 
and Spohn (1923) and young rats developed complete bilateral cataract 
in 60to90 days. The eyes of control animals, given autoclaved marmite, 
remained normal. The ocular symptoms preceding or accompanying 
the cataract were inflammation of the eyelids and keratitis. Cataract 
occurred in 92 to 100 per cent of the deficient animals. The time required 
for the appearance of the lesion was correlated with the growth rate — 
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data, and it was concluded that either the growth-promoting and cata- 
ract-preventing factors were identical, or that the diet was equally de- 
ficient in both. No purulent inflammation was detected in the aqueous, 
vitreous or uveal tract, and it was stated that the cataract was not 
secondary to infection in other parts of the eye. According to these 
workers the phenomenon is not restricted to the albino rat, for they 
have been able to produce cataract in the albino mouse and in the wild 
grey rat, Mus norvegicus (Langston et al., 1933; Langston and Day, 
1933). 

These results are extremely convincing; nevertheless, up to the present 
time, adequate confirmation from other sources has not been forthcom- 
ing. The high incidence of cataract reported by Day has not been 
obtained by other workers. Sen et al. (1935) reported the occurrence 
of cataract in 5 out of 41 rats on a Be deficient diet. In experiments 
with which the writer has been associated, 98 black and white rats 
which survived for 60 to 179 days have been investigated. Cataract 
has been observed in only 15 rats; the highest incidence was obtained 
in one group where 36 animals were used and cataract occurred in 31 
per cent (Bourne and Pyke, 1935). Yudkin (1933) and O’Brien 
(1932b) found that unless the deficiency was begun immediately the 
rats were weaned, no cataract developed; the failure of cataract to 
develop in older animals was attributed to the accumulation of vitamin 
Be reserves in the body. Jansen (1935) states that on diets deficient 
in certain fractions of the water soluble vitamins, he usually saw derma- 
titis, inflammation of the eyelids, and other symptoms associated with 
vitamin Be deficiency, but that he never observed cataract. Gyérgy 
(1935a) found no cataracts in a series of 500 rats on diets deficient in 
various fractions of the B-complex. In dogs, no ocular lesion was 
. produced by vitamin B, deficiency (Yudkin, 1933). Pellagra, which is 
believed to be due to a deficiency of one fraction of the vitamin Br 
complex, is not associated with cataract in man. 

Day (1935b) attributes the inability of other workers to reproduce 
his results to their failure to observe the animals for a sufficient length 
of time or to perform the experiments with sufficient care. These 
suggestions cannot entirely explain the discrepancy. In the experience 
of the writer rats can survive for a period exceeding the maximum time 
described by Day for the appearance of the lesion without developing 
cataract. The diet was in several experiments identical with that used 
by Day, and in all cases the deficiency was complete enough to pro- 
duce growth failure, dermatitis, keratitis, and inflammation of the 
eyelids. 
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The evidence shows that cataract does occur in rats when a diet 
deficient in the Bs-complex is fed, but that it does not occur regu- 
larly. This suggests that the essential factor involved is unidentified 
and therefore uncontrolled. The vitamin B-complex is composed of 
at least two factors, one being lactoflavin and the other the so-called 
“‘rat-pellagra”’ factor, or vitamin Be; still other factors may be present 
(Birch et al., 1935). There is no evidence to show which of the known 
constituents of the vitamin B.-complex is concerned in cataract produc- 
tion. The rations used by Day and his collaborators as well as those 
used by the writer were presumably deficient in both lactoflavin and 
Be, although one or the other might have been present in variable 
amounts. 

If some single fraction of the vitamin B-complex were concerned in 
cataract production, it is probable that this might be present to a greater 
or less extent in the diets or in the vitamin B, supplements used by 
various workers. This would explain the failure on the part of some 
investigators to obtain cataract consistently. The results of O’Brien 
and Yudkin, who found that it was necessary to start the rats on the 
deficient diet immediately after weaning, suggest that a high degree of 
deficiency is required to produce the effect, but it is difficult to reconcile 
this with the statement of Day and Langston (1934) that the supplying 
of limited amounts of vitamin Be, in the form of whole wheat, delayed 
but did not prevent the cataract. 

The presence of the vitamin B.-complex in the lens has not been 
thoroughly investigated. Fischer (1934b, c) extracted a water-soluble, 
green-yellow fluorescent substance which he believed to be vitamin B, 
(lactoflavin). However, von Euler and Adler (1934) could not detect 
lactoflavin in fish lenses; and Gyérgy (1935b) found no biologically 
active lactoflavin on feeding as much as 8 grams of ox lens daily. 

Galactose. The interesting observation that the feeding of large 
amounts of lactose to rats produced cataract, was first reported by 
Mitchell and Dodge (1935). The ration fed contained 70 per cent 
lactose, and the necessary vitamins were adequately supplied in the 
form of cod liver oil and dried yeast. Mature bilateral cataracts ap- 
peared in 10 weeks; growth was slightly subnormal, but otherwise the 
animals appeared sleek and well nourished. The course of development 
of the lens lesions is described by the authors. The microscopic appear- 
ance of the cornea, sclera, ciliary body and retina was found to be 
normal. 

When the amount of lactose fed was reduced the percentage of ani- 
mals showing mature cataract decreased, and the time required to 


20 . M. C. BOURNE 


produce lens lesions was lengthened. If the amount of lactose fed 
was less than 30 per cent of the diet, no cataracts occurred. Other 
carbohydrates, starch, dextrin, maltose, and sucrose fed in concentra- 
tion of 70 and 50 per cent of the diet failed to produce any effect on 
the lens. Blood and urinary reducing sugar were found to be high. 
The total and the diffusible calcium of the blood were found to be 
normal, but the calcium content of the eyes of those rats which de- 
veloped cataract was considerably increased; lenses were not analysed 
separately for calcium, but it was concluded that the rise in the cal- 
cium content of the eye was due to calcification of the lens. The ad- 
ministration of lactose to rabbits and kittens was found to be without 
effect upon the lens. 

Later it was reported (Mitchell, 1935) that the effect upon the lens 
was due to the galactose fraction of the lactose molecule. The same 
results could be obtained by the feeding of 35 and 25 per cent galactose 
(equivalent to 70 and 50 per cent lactose, respectively). Galactose was 
well tolerated by the rats and at the 35 per cent level, mature bilateral 
cataracts developed in 12 to 37 days. Galactosuria was present and 
the calcium content of the cataractous eyes was increased to three or 
four times that of the controls. It was suggested that since the blood- 
aqueous barrier is permeable to glucose it must also be permeable to 
galactose and that the presence of galactose in the aqueous would expose 
the cells of the lens epithelium not only to a higher sugar concentration, 
but also to a foreign sugar. The finding of Kirby et al. (1932) that 
galactose is toxic to cultures of lens epithelial cells in lower concentra- 
tions than either glucose or fructose was cited; and the author concluded 
that a precipitation of the lens proteins might be brought about by a 
disturbance in the balance of inorganic ions resulting from an altera- 
tion in the permeability of the lens capsule. 

The observations concerning lactose have been confirmed by Day 
(1935a); and those concerning galactose have been confirmed by 
Yudkin and Arnold (1935) and Jansen (1935). Yudkin found that in 
young rats the changes took place in the nucleus of the lens, while in 
older animals the opacities appeared first in the periphery; he concluded 
that since the growing areas appeared to be involved, galactose inter- 
feres with the lens metabolism. 

Although the observation that the ingestion of large amounts of 
galactose leads to cataract production in the rat is substantiated, the 
question of the mechanism of this effect is still a matter of speculation. 
There is no evidence to show whether the lens changes are the result of 
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” a general metabolic disturbance resulting from the ingestion of the 
sugar or whether galactose exerts some specific damaging effect upon 
the lens tissue. . 

Calcium (Aparathyroidea). The fact that the amount of calcium in 
cataractous lenses is greatly increased, together with the finding that, 
clinically, cataract is frequently observed in diseases involving a disorder 
of calcium metabolism, has given rise to the idea that calcium may be 
an important aetiological factor. In normal human lenses calcium 
equivalent to 9 to 29 mgm. per cent of the dry weight is present (Upde- 
graff, 1932; Makay et al., 1932). In cataractous lenses, the amount is 
variable but may be increased ten or twenty times (Salit, 1933; Adams, 
1929). In frozen sections of senile cataractous lenses large circular 
deposits of crystals are sometimes found. Examination of such crys- 
tals under the microscope, and the application of microchemical tests 
showed that they are composed of an inorganic calcium salt, either 
calcium carbonate (Kranz, 1927; Boente, 1930) or calcium phosphate 
(Wessely, 1922; Adams, 1929). The evidence that the calcium in the 
cataractous lens is deposited in the form of phosphate is not conclusive 
(Kirby, 1931b). 

The increased calcium content of cataractous lenses may be due 
simply to local deposition in an area where protein degeneration has 
already taken place. This would be analogous to the calcification of 
damaged tissue which is known to take place in other parts of the body. 
But, in view of the association of cataract with disorders of calcium 
metabolism, the high: calcium of cataractous lenses may be of greater 
significance. 

In the cataractous lens, in addition to the increase in calcium, an 
alteration of the proportions of sodium and potassium also occurs; 
sodium is increased while potassium is greatly diminished. Makay et 
al. (1932) interpret the change in the proportions of sodium and potas- 
sium as representing a tendency on the part of the lens to take on a 
composition similar to that of blood plasma; but since calcium, instead 

. of increasing slightly as would be expected in a general return to the 
plasma-like composition, is greatly increased, both absolutely and rela- 
tively to other ions, they argue that some special relationship exists 
between calcium and the development of cataract. 

Burge (1914) suggested that an increase of calcium salts in the lens 
modified the proteins in such a way that they could be precipitated by 
the ultraviolet waves of the spectrum. He found that exposure of the 
normal lens to ultraviolet radiations for 100 hours did not coagulate the 
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protein, but in the presence of calcium salts, which in themselves did 
not affect the transparency of the lens, a similar irradiation produced 
opacity. Hinrichs (1930) also found that opacity was more readily 
produced in lenses by ultraviolet light in the presence of calcium salts. 
Other workers have failed to obtain this effect. Adams (1929) found 
that exposure to ultraviolet rays up to three hours of lenses immersed 
in calcium chloride solutions of various concentrations, caused only a 
slight increase in opalescence, and Jess and Koschella (1923) reported 
that ultraviolet radiation of a lens in a 0.02 per cent calcium carbonate 
solution did not cause it to become opaque. Calcium salts acting in 
vitro on normal lenses without capsules were unable to cause opacity 
except when they were present in such high concentrations or at such a 
pH as would not occur in life (Adams, 1929). Working with cultures 
of lens epithelial cells, Kirby (193la) showed that relatively large 
increases in the calcium content of the medium were without effect on 
the microscopic appearance or growth of the cells, but that a slight 
reduction in calcium produced toxic reactions. 

The relation of variations in the blood calcium level to the develop- 
ment of cataract, is not fully understod. Increase in blood calcium 
does not appear to cause cataract. Adams (1929) showed that catar- 
act was not produced, nor was the development of naphthalene cataract 
accelerated by feeding calcium lactate to rabbits although the calcium 
content of the aqueous was increased. Attempts to increase the deposi- 
tion of calcium by feeding calcium lactate and at the same time alkaliniz- 
ing the blood by feeding sodium bicarbonate did not lead to the produc- 
tion of cataract (Eisman and Luckhardt, 1927). The question as to 
whether a lowering of the blood-calcium, apart from parathyroid de- 
ficiency, is able to initiate lens changes has not been sufficiently tested 
experimentally. A number of investigators have succeeded in lowering 
the blood calcium by the injection of phosphates, but in these experi- 
ments no observations of the lens were made. Eisman and Luckhardt 
(1927) failed to produce cataract by the injection of NagHPO, or 
NaH2PO,. Their experiments are not conclusive; no blood-calcium 
figures are reported and the survival period of the animals was com- 
paratively short. 

» Clinically, cataract occurs after parathyroidectomy, in idiopathic 
hypoparathyroidism and in rickets (Hunter, 1930; Cole, 1930; O’Brien, 
1932a). It has been produced experimentally by the removal of the 
parathyroid gland in rats and dogs (Erdheim, 1906; Luckhardt and 
Blumenstock, 1923; Goldman, 1929; Evans and Kern, 1931). There 
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” is no proof that the lowering of the blood calcium is the essential factor 
involved. Hypocalcemia occurs in other diseases which are not asso- 
ciated with cataract. However, in some of these, such as nephritis, 
the reduction of the total serum calcium is attributed to a decrease in 
the fraction which is combined with protein; whereas after parathyroid- 
ectomy, the concentration of calcium ions is decreased. Whether or not 
a diminution in the calcium ion concentration of the blood can initiate 
degenerative changes in the lens, remains to be proved. 

Cataract also occurs in association with tetany, both endemic and 
post-operative. Goldman (1929) showed that in parathyroidectomized 
rats cataract did not develop unless the neurological signs of tetany 
were present. It has been suggested that the cramp of the ciliary muscle 
which occurs during tetany spasm causes an irregularity in the flow of 
lymph which, by interfering with lens nutrition, causes cataract. How- 
ever, Eisman and Luckhardt (1927) showed that the production of 
tetany by the intravenous injection of oil of wormwood or strychnine 
sulphate did not cause cataract, and the idea that tetany per se is the 
etiological factor is not generally accepted. The present theory re- 
garding the cause of tetany is that it is due to a disturbance in the 
balance between sodium, potassium and hydroxyl ionic concentrations 
on the one hand, and calcium and hydrogen ionic concentrations on the 
other; an increase in any one of the first three or a decrease in either 
of the last two produces tetany (Cameron, 1935). By analogy, it might 
be inferred that a similar disturbance of ionic balance also induces 
degenerative changes in the lens; but this has not been demonstrated 
experimentally. Kirby (193la) attempted to study the effect of al- 
terations in the calcium-potassium ratio of the medium upon cultures 
of lens epithelial cells, but could draw no conclusions from his results. 

The blood calcium and the calcium metabolism of senile patients 
with cataract are normal (Kirby, 1931b). Naphthalene, administered 
to rabbits in cataract producing doses, has no effect on the blood calcium 
level (Bourne and Campbell, 1933). 

Diabetes. Cataract is associated with diabetes, which is a complex 
pathological state resulting from fundamental disturbance of carbohy- 
drate metabolism. There is no evidence as to whether the carbohydrate 
metabolism of the lens itself is affected by this disease. The etiological 
factors are believed to be chiefly physicochemical.‘ It has been sug- 
gested that in the alteration in the fluid equilibrium accompanying the © 
rising sugar concentration in diabetes, fluid tends to enter the lens; the 
lens swells, becomes deformed, and actual opacities are produced as a 
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result of the abnormal fluid traffic (Duke-Elder, 1925). Krause (1934b) 
has pointed out that the systemic acidosis accompanying diabetes 
may produce a sufficient increase in the hydrogen ion concentration of 
the lens to enable the proteases present to autolyse the protein. Kirby 
et al. (1932) showed that glucose was not toxic to cultures of lens epithe- 
lial cells until a concentration of 578 mgm. per 100 cc. in the medium 
was reached. He found that acetone and 6-hydroxybutyric acid were 
toxic if their action was prolonged; and he considered that a long con- 
tinued ketonemia might be an aetiological factor in diabetic cataract. 


‘ In conclusion it may be repeated that our knowledge of the metabo- 
lism of the normal lens is fragmentary, and that our understanding of 
the factors by which the lens may be adversely affected is incomplete. 
Much of the information that we do possess has been derived from 
clinical observations or from empirical attempts to find some means 
of preventing or arresting the development of cataract, and compara- 
tively few systemmatic studies of the physiology of this tissue have been 
carried out. The chemistry of the lens has been more thoroughly in- 
vestigated than any other aspect; the investigation of its physical 
chemistry and metabolism offer an interesting field for future research. 
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This review is restricted to the phenomena of menstruation itself 
and has three objectives, viz., to summarize the observations on the 
uterine vascular system and their significance for the understanding of 
menstruation, to discuss the facts which are supposed to be explained 
by certain current hypotheses, and to review the evidence that all men- 
strual cycles are not directly comparable with one another. . 

It is essential that we begin with an adequate definition, for even 
within the memory of the present generation progress has been delayed 
by dogmatic pronouncements as to what menstruation is and is not. 
Since the bulk of evidence is still derived from the human species! it is 
especially easy to resort to the hoary subterfuge of damning out any 
conditions which do not fit into a particular scheme by calling them 
abnormal. Thus some 35 years ago when the authorities decided 
that little or no tissue was lost during menstruation any specimen which 
showed a denuded surface was dismissed as diseased or damaged by 
handling. At this same time many specimens were branded with the 
caption, “Endometritis glandularis,’”’ and so (if we may paraphrase 
Professor Boring) were banished to the outer darkness of pathology— 
today we call such specimens “progravid’”’ and we are told that this 
condition necessarily precedes menstruation. ‘According to the current 
dogma, if a woman has a series of clinically typical, regular periods and 
it turns out that there are no corpora lutea in her ovaries, she must be 
told that she has not been menstruating but has had abnormal bleed- 
ings. By selecting the proper specimens and disregarding the rest 
this can easily be “proved.”’ The rapid changes in our point of view 
concerning the physiology of the female reproductive system during 
the past should make all investigators open-minded and humble. We 
can only be hampered by introducing an explanation of a process into 
our definition of that process. If our definition is to be liberal enough 


1 In the following pages the data reviewed deal with human conditions unless 
otherwise stated. The effort is made to discuss only original observations and 
many papers, largely polemic in character, have been omitted. 
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to include all the observations and remain purely objective, it will 
read as follows: Menstruation? is a bloody discharge associated with 
necrosis of the uterine mucosa, recurring, in the absence of pregnancy, 
at intervals of from 33 to 5 weeks in certain primates. It may be a 
characteristic of all primates.’ The definitions which are in vogue at 
present include as an essential feature the involution which follows 
pseudopregnancy in primates as in all mammals. Since there are rea- 
sons for believing that the extravasation of blood is independent of such 
an involution (cf. p. 50), we are not justified in including it in our 
definition of M. 

_M. has been recorded in all human races and in all anthropoid apes 
and Old World monkeys which have been observed under favorable 
conditions (Zuckerman, 1930). There are indications of it in the primi- 
tive lemur, Tarsius (van Herwerden, 1905) and in some South American 
monkeys. The data in the literature on the latter have acquired new 
significance in the light of the findings of Goodman and Wislocki (1935) 
on vaginal bleedings at 24 to 27 day intervals in a Platyrrhine (the 
spider monkey, Ateles). 

The function of M. is variable like any other biologic process and since 
many factors are concerned, it varies in different ways. We shall begin 
our consideration with the data on the 

Duration of the M. cycle. We now have statistical evidence that the 
28-day cycle is an average, not a reality. In other words, if one cycle - 
happens to be 28 days long, the next will probably be longer or shorter. 
Under the most favorable conditions, any prediction as to the appear- 
ance of the next flow will involve a probable error of plus or minus 
3 days. Engle and Shelesnyak (1934) give a standard deviation of 
from 4 to 7 days for adults. This is still often disregarded and we find 
dogmatic statements which are misleading and confusing when one 
turns from theories to the phenomena themselves. Hartman (1936) 
has an admirable review of much of this literature. The first extensive 
study based on data recorded by women who understood the need of 
accuracy was that of King (1926). Her 17 subjects ranged from 13} 
to 35 years of age at the beginning of the observations and in one case 
the record covered nine years. The modal duration of the 523 cycles 
is 27 days and 80 per cent fall between 24 and 30 days. The extremes 
included in the curve are 18 and 37 days. Only in some individuals 
is the range of variability less than for the group; in case C, for example, 


2 This term as well as ‘‘menstruate’’ and ‘“‘menstrual”’ are abbreviated below 
by . 
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80 per cent of the 63 cycles fall between 25 and 27 days during the six 
years between 29 to 35 years of age; later they became shorter and 
more variable. There is no evidence of seasonal variations. In one 
case the record includes the first 2 years after the menarche and this 
part exhibits as exceptional a regularity as the rest of the record. The 
charts show that long periods may alternate with short ones (but see 
Richards, 1935). Most of the subjects were college women. A subse- 
quent study (King, 1933) of a somewhat younger group of 37, many 
of them engaged in industry, shows no significant differences from the 
first. Edw. Allen (1933) reports a series of carefully controlled ob- 
servations on a group of 110 hospital nurses. He gives typical examples 
of records which illustrate his conclusion that the date of the expected 
flow cannot be accurately predicted from the previous record of the 
individual. His data include intervals of from 17 to 40 days. They 
are distributed in the form of a unimodal curve with the peak between 
29 and 30 days. Fluhmann’s (1934) group of 76 nurses had an average 
age of 21.5 years and the data are fully reliable. The mode of his curve 
of 747 cycles is 28 to 29 days and the mean 30.4 days, with a standard 
deviation of 11.53. In the course of the year’s observations a varia- 
tion no greater, even, than 5 days was found in 5 individuals of the 
group. All others had 2 or more periods that showed greater varia- 
bility. Two-thirds of the subjects are grouped as irregular; i.e., those 
-who had 3 or more periods that varied, for example, more than from 23 
to 28 or from 27 to 32 days. The graphs of Engle and Shelesnyak 
(1934) of 100 young girls (3140 cycles) also show the mode at 28 days. 
They include cycles of from 2 to 256 days. One of the most interesting 
features is the occurrence of more long cycles during June and July 
than at any other time. The standard deviation from the mean cycle 
length is 11.8 days; they find the variability tends to decrease with age. 
Richards (1935) analyzed 11 records, some of his own and some of 
King’s, and finds indications of a rhythm in the variations which he 
does not regard as necessarily seasonal (cf. Christiansen, 1929). Knaus 
(1935) gives a record of a woman beginning with her menarche. Dur- 
ing the Ist four years the cycles varied from 18 to 48 days. Ten years 
later there was in the course of 3 years only a variation of from 27 to 
31 days. Latz (1935), by excluding all relatively long or short cycles 
which could possibly be attributed to external influences like emotional 
upsets, infections, etc., and by an ingenious method of grouping his 
cases, endeavors to minimize the extensive variability observed. The 
findings of Ogino (1930), Kosakae et al. (1933), Ishizaka (1934) and 


MENSTRUATION 31 


Yang and Gear (1934) indicate that there are no differences in cycle 
lengths between Caucasian, Japanese and Chinese women. 

R. Schréder (1933) discusses the reasons for the variability. He 
concludes that under normal conditions an accident like a hemorrhage 
in the corpus luteum might shorten its life or its involution might set 
in early for unknown reasons. He cites 84 cases with 3-week cycles 
in which the change from the proliferative to the secretory phase oc- 
curred on the 14th day. The formation of a cystic follicle instead of 
ovulation may result in a short cycle. Largely on the basis of hormone 
excretion studies he also speaks of transitions from the proliferative to | 
the progravid phase at the time when a flow might be expected. This 
is said to be due to atresia of a follicle which began to grow at the 
usual time and was followed by the development of another follicle. 
Irregularity in the cycles may also be associated with a degree of 
infantilism. Convincing evidence for such conclusions must come 
from detailed’ studies on monkeys such as those made by Hartman 
(1932), but a masterly setting forth of the problems such as Schréder 
gives us is of great value at the present time. Cunningham (1934) 
analyzes data from 14,268 college girls ranging from 15 to 24 years of 
age and finds a correlation, statistically valid, between irregularity in 
cycle length and dysmenorrhea; the latter is also correlated with condi- 
tions interpreted as due primarily to faulty nutrition which may in 
turn influence both development and endocrine balance. Hoffmann 
(1933) reports that M. in a group of athletes tended to be more normal 
than in a similar group of laboratory technicians (see also Iwata and 
Nemoto, 1933). 

Observations on other primates. Corner (1923) was the first to make 
a detailed study of the duration of the cycle in a series of monkeys. 
Although 8 of his 10 animals were not far beyond the menarche, the 
curve of variability is similar to that of King (1933) for Homo and 
Hartman’s (1932) whose records include 392 cycles in 22 macaques, 
most of them full grown. One of the latter group studied for over 4 
years was exceptionally regular; 47 of the 50 cycles falling between 25 
and 33 days. It should be noted that there is no indication of a mode 
in any of these curves corresponding to a 3-weeks’ cycle. Zuckerman 
and Parkes (1932) report 30 cycles from 10 hamadryas baboons which 
varied from 22 to 46 days in length, the mode of the curve being at 
29.33 days. 

No other studies involve a sufficient number of animals or cover long 
enough periods to be of value. So far as they go, they suggest that the 
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menstrual cycles of all higher primates are very similar in length (Gear, 
1926, for the baboon; Joachimovitz, 1928, for Pithecus fascicularis; 
Zuckerman, 1930, for a mangabey and the bonnet macaque; Spiegel, 
1930, for the bonnet macaque; Schoeller et al., 1932, for a baboon; 
and Tinklepaugh and van Campenhout, 1931 for the chimpanzee). 
This gives further evidence of the strict homology of the process within 
the Order. 

' Duration and amount of flow. It is usually stated that the flow 
normally persists for from 3 to 7 days, but as R. Meyer (1930) says, 
periods of 1 to 8 days occur in perfectly healthy women. The carefully 
controlled data of King (1926) show variations from 3 to 8 days with 
something over 3 of the recorded 201 periods lasting 5 to 6 days. One 
hundred and sixty-five of Geist’s (1930) 200 patients reported a dura- 
tion of 4 to 5 days. In Edw. Allen’s series (1933) the great majority 
flowed for 4 to 6 days. Cunningham (1934) discusses factors concerned 
in excessive duration and amount of the flow. All these reports deal 
with a macroscopic discharge. In over 250 vaginal smears taken dur- 
ing menstruation Papanicalaou (1933) finds erythrocytes abundant on 
the 5th day in 60 per cent of the smears, and in 20 per cent on the 7th. 
At every stage of the cycle he reports erythrocytes in at least 5 per cent 
of the smears of that particular stage. This is difficult to explain 
except on the basis of trauma. 

Corner (1923) made daily smears on 11 macaques, recording 132 
menses. They ranged from 2 to 11 days in duration, 92 per cent falling 
between 3 and 8 days. Hartman’s (1932) more extensive data on the 
same species indicate an average duration of 4 to 6 days. By com- 
paring the lavage with color standards, he estimated roughly the 
amount of ‘blood lost and found indications that the predominantly 
ovulatory cycles of the winter involve a slightly greater loss of blood 
than the summer cycles which are chiefly anovulatory. 

THE MENSTRUAL DISCHARGE. The analysis of the discharge has been 
complicated by the fact that the uterine fluor has been studied in many 
instances after the addition of the secretions from the glands of the 
cervix, vestibule and labia as well as the vaginal débris. Removed 
directly from the corpus uteri it consists of altered blood, uterine 
secretion, edema fluid, cells of the mucosa and sometimes tissue frag- 
ments. 

Mode of discharge. There is not a continuous dribble from the ex- 
ternal os during a flow, but a periodic expulsion, due, presumably, to 
uterine contractions. Hinselmann (1925) observed one case from the 
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onset for about one-half hour and saw an average of 1.26 spurts per 
100 seconds. The intervals do not appear to have been regular. In 
another case observed for 9 hours during the Ist day, the average 
interval was 68 seconds, the discharge persisting for only about 5 per 
cent of the time. H. Schréder (1927) made a more extensive study, 
likewise on patients in bed. He describes the discharge as issuing in 
spurts followed by a trickle lasting a few seconds. On the Ist day they 
appeared every 1 to 2 minutes, on the 2nd every 1} to 4 minutes, on 
the 3rd every 3 to 15 minutes. In a case of dysmenorrhea they were 2 
to 3 times more frequent but not more prolonged. A patient observed 
just after a train journey had still shorter intervals. He does not note 
the apparent cessation of the flow on the 3rd day which is frequently 
mentioned. Among the macaques in our laboratory which were not 
being regularly handled, we have often noted the complete disappear- 
ance of any external discharge for several hours at a time, especially 
after the Ist day. Here a sphincter mechanism is probably involved 
and the retention of the fluor within the uterus would perhaps account 
for the absence of tissue fragments in this species and for the fact that 
the M. uterus fixed in situ is frequently found to be distended with the 
discharge. Heape (1894) refers to the M. “clot”? and Joachimovitz 
(1927) to the formation of a ‘‘Klumpen” in the monkey uterus. Herm- 
stein (1927) has reviewed the literature on the discharge and gives 
many older references. More are to be found in van der Leyen (1907). 
' Total amount. There have been but few determinations of the total 
amount of the discharge in the course of an entire period. The method 
of weighing vulval pads which Gautier (1900) used, involves fluctua- 
tions due to the amount of sweating. He made observations on five 
young patients and found a variability of from 46 to 367 grams (average 
157 grams).' By the same method Prussak (cited by Schréder, 1928a) 
reports weights of 50 grams for virgins, 100 to 150 grams for matrons. 
This is in agreement with Oliver’s (1912) 70 grams of hematocolpos 
fluid in a case of imperforate hymen in a young girl. Hermstein (1927) 
collected all the discharge with a cap pessary for 12 hours at a time 
from four patients and never obtained more than 15 cc. on the Ist 
day. At the end of the 3rd day only 7 to 9 cc. were obtained and he 
estimates the entire flow at 60 to 80 grams. Rond and Waldbauer 
(1928) inserted a tube into the uterine cavity and obtained as much as 
10 cc. in some cases, 3 to 4 cc. in others during the 10 minutes that the 
tube could be retained. 


' Hemoglobin loss. The colorimetric determinations of Hoppe-Seyler 
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et al. (1904) were based on the vulval discharge from patients of vari- 
ous ages. His values range from the equivalent of 3 cc. of blood in 
a subject near the menopause to 376 cc. in a syphilitic with metritis. 
The entire loss of blood in a group of normal young women varied from 
26 to 52 cc. (average 37 cc.)./ Gillette et al. (1918), using the more reli- 
able iron tests, obtained 34, 38 and 42 mgm. Fe respectively from the 
total vulval discharge of 3 normal women. Twelve determinations of 
N showed a loss of from 1.5 to 3.0 grams during a menstrual period. 
A similar study by Barer et al. (1935) on 50 women (19 to 43 years) 
indicates from 38.4 to 78.4 mgm. Fe in the discharge. On the basis of 
hemoglobin determinations of the circulating blood in each individual 
they compute the total loss of blood during a period to be from 9.39 
to 207 ec. (mean 36.7 cc.). 

Other data on the discharge. Oliver (1920) finds 87 per cent water in 
hematocolpos fluid; 95 per cent of the solids being organic substances. 
He identifies serum albumin, globulin, a mucin and a trace of fat. 
Stickel and Zondek (1921) report 82 to 85 per cent water in discharge 
collected from the cervix, whereas the blood had 79.3 per cent. They 
ascribe the higher water content in the discharge to uterine secretion 
and “tissue juice.” (The latter may be particularly significant.) 
They state that the protein content does not differ from that of the 
blood. 

Gautier (1900) reported 0.17 to 0.33 mgm. of arsenic per kilo of dis- 
charge. This is comparable to the amount he found in the thyroid 
gland in cases where no arsenicals had been given. He believed the 
arsenic to be as important as iodine but it would seem that traces of 
As in the food are concentrated in the uterine mucosa where Hertoghe 
(1909) demonstrated it in the premenstrual stage. Segale (1904) using 
the Penicillium test found As in various organs of the body as well as 
in the menstrual discharge. Ries and Ries (1912) and Soskin and 
Schréder (cf. Schréder, 1915) confirm the presence of As in the dis- 
charge. 

In five samples of vulval discharge Bourcet (1900) obtained 0.8 to 
0.9 mgm. of iodine per kilo. This is significant but it does not seem to 
have been confirmed, except that Macoggi and Sivori (1930) state that’ 
the discharge accelerates the metamorphosis of tadpoles. The observa- 
tions of Scheringer (1930) on fluctuations in blood I are of interest in 
this connection. 
| Formed elements. Tissue fragments of macroscopic size may be 
passed during normal periods (cf. p. 39). They are blood soaked and 
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probably result from massive extravasations into the mucosa followed 
by the separation of whole areas, such as have been described by 
Sekiba (1923), Meyer-Ruégg (1918, 1928), and the writer (1933). 

Stickel and Zondek (1921) conclude from their study of the discharge 
removed from the uterus of patients, that the outstanding feature aside 
from incoagulability is the partial hemolysis. ‘ They find an average 
of 3 million erythrocytes and a reduced hemoglobin value. Hochloff 
(1932) has studied the erythrolysis and evidences of altered surface 
tension. Geist (1929) concludes that menstruation can be distinguished 
from other types of uterine bleeding by the abundant and characteristic 
cellular content of the discharge. In samples taken directly from the 
cervix in 100 normal women he recognizes uterine epithelium in 50 
per cent on the Ist day, 74 per cent on the 2nd, 54 per cent on the 3rd, 
and 3 per cent on the 4th. Stroma cells are present in 75 per cent on 
the 1st day, 90 per cent on the 2nd, 91 per cent on the 3rd, and 50 per 
cent on the 4th. Papanicalaou’s (1933a) suggestion that such cells are 
derived from the basal layers of the vagina is eliminated by histologic 
studies of the vagina (cf. p. 44) and of the tissue fragments. Although 
most of the leucocytes are probably uterine in origin they will be 
considered in connection with vaginal changes. 

Incoagulability. It has long been known that the discharge coagu- 
lates very slowly and incompletely or not at all. Schickelé (1912) 
removing it “carefully so as to prevent contamination” kept it for weeks 
without seeing any indication of clotting. ' He found the coagulation 
of goose plasma or horse serum retarded for hours or days by the 
addition of the fluor. Zondek, on the other hand (1935), taking it 
directly from the uterus, sees the first indications of clotting 2 days 
later. In 1921 Stickel and Zondek had found that apparent clots in 
the discharge at the time of removal were due to sedimentation of 
erythrocytes; they could find little or no fibrin microscopically, an 
observation credited by Joh. Miiller to Lavagna (1818). Kross (1924) 
added hematocolpos fluid to whole blood and obtained a soft gel which 
in some tubes kept in the incubator “dissolved,” although no liquefy- 
ing bacteria were present. He regards this as evidence of the proteo- 
lytic ferment first recognized in the discharge and also in the progravid 
mucosa by Halban and Frankl (1910) and Frankl and Aschner (1911). 
This was apparently confirmed by Schickelé (1912) who found no other 
organ extract se potent as uterine extract in retarding the coagulation 
of heterologous serum. This would seem to show that there is an 
anticoagulant present in the mucosa for tissue extracts usually accel- 
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erate the coagulation of the blood. On the other hand it may be that 
his method was particularly favorable for the uterus (cf. Howell’s 
isolation of heparin). Fellner (1924) confirms Schickelé and finds the 
“ferment” water soluble. On the basis of the histologic pictures it is 
difficult for the writer to believe that glandular secretion can be in- 
volved in this matter at least after the 2nd day of the flow. According 
to Ranvirez (1924) a lipoid extract of the discharge causes necrosis and 
hemorrhage when introduced into a rabbit’s uterus. The question of 
a proteolytic ferment should be reinvestigated using extensive controls. 
Rosemann and Braun (1922, 1927) attribute the hemolysis to the 
tryptic ferment which according to Kraul (1925) destroys the fibrinogen 
for the presence of which he could find no evidence by the usual coagu- 
lation and salting-out methods. Dienst (1912) had, however, reported 
the fibrinogen content of the discharge as normal on the basis of nitro- 
gen determinations, whereas he had evidence that the thrombin content 
was low, antithrombin high. In the discharge obtained from the ex- 
ternal os, Hermstein (1927) finds an increase in lipoids, notably phos- 
phatids, as compared to the systemic blood and attributes the in- 
coagulability to the alteration of the cholesterin-phosphatid ratio. 
Falkenhausen and Pyrgialis (1928) make the absence of complement 
responsible, Macht. (1925) attributes it to an oxycholesterol p. 55), 
Klaus (1927) to trimethylamine. 

It would seem that everyone who has isolated a component of the 
discharge has immediately tried to see if it is responsible for the in- 
coagulability and has usually found that when added to blood it does 
retard clotting. The only really satisfactory discussion of the matter 
is that of Réna and Waldbauer (1928). On the basis of 44 cases they 
show an increase in the amino acid content as compared to venous 
blood and point out that the cytolysis in utero brings about radical 
changes in the colloid system so that gelation is retarded or prevented. 
They could not demonstrate a proteolytic ferment in the plasma of the 
discharge obtained by centrifuging. In this as in most other studies 
on menstruation the possible differences between ovulatory and an- 
ovulatory cycles have not been considered. Judging from the histologic 
pictures it seems to the writer that the products of autolysis should be 
far more abundant in menstruation following pseudopregnancy than 
in anovulatory menstruation. Hartman (1933) has not succeeded 
in finding any reliable differential sign in his vaginal lavages of the 
macaque, although he is inclined to believe that more blood is lost 
during the predominantly ovulatory cycles in the winter than during 
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the summer when ovulation is exceptional. Markee (personal com- 
munication) agrees with this on the basis of observations on ocular 
transplants (cf. p 46). | 

It is a matter of importance surgically to know whether there is a 
reduction in the clotting time of the systemic blood during the cata- 
menia. The results are conflicting (cf. Keller, 1912; Hosaka, 1925; 
Rona and Waldbauer, 1928). It would seem that the experimental 
error is greater than any cyclic variation and that there is certainly no 
difference that would interdict surgical operations during M. 
' HISTOPHYSIOLOGIC CHANGES DURING MENSTRUATION. We must begin 
with a few words on the histology of the uterine mucosa. It is always 
firmly attached to the musculature and is consequently subject to 
changes in form during the rhythmic contractions. It may also vary 
greatly in structure during the menstrual cycle; during the first 2 
months of pregnancy it hypertrophies throughout the corpus and 
fundus. This decidua vera like the non-pregnant mucosa normally 
varies in thickness even in adjacent regions. Between the body of the 
uterus and the cervical canal there is a thin, feebly developed mucosa of 
the same general type as the corpus (the isthmus), the boundary of 
which toward the cervix is sharp. In the course of a menstrual cycle 
which involves ovulation, the mucosa of the corpus-fundus may increase 
in thickness from 0.5 mm. to 5 mm. or even more and in pregnancy it 
may reach a thickness of over 12 mm. Its glands present a series of 
simple tubes roughly parallel to one another except in a narrow basal 
zone where they branch and intertwine. They are directly continuous 
with the surface epithelium which, like that of the glands, is of a sim- 
ple columnar type except during the post-menstrual re-epithelization. 
The glands are imbedded in a stroma rich in connective tissue cells 
supported by a framework of reticulum. In the progravid state 
(lutein phase) three zones can usually be recognized; they correspond 
roughly to the zones of the decidua vera of pregnancy. In the superfi- 
cial zone the glands are straight and usually narrow, well separated 
from one another by an edematous stroma. Here stages in the hyper- 
trophy of stroma cells into decidual cells can occasionally be found late 
in the cycle. This zone, which corresponds to the stratum compactum 
of pregnancy, may comprise } or even 3 of the entire mucosa. In the 
intermediate zone the glands are sinuous or sacculated, very rarely 
“spiral” (O’Leary and Culbertson, 1928, and 1929), and usually they 
are dilated. This is the stratum spongiosum. Occasionally it extends 
to the myometrium but usually there is a basal stratum where the 
secretory activity is much less in evidence. 
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In the macaque the same conditions prevail except that no true 
decidual cells develop and the basal zone is usually less obvious. In 
this species and probably in Homo the mucosa has a double blood sup- 
ply (Daron, 1936). Prominent arterioles extend radially through the 
myometrium and give off branches which supply the mucosa but not 
the adjacent muscle. Their general direction is perpendicular to the 
surface. Within the mucosa they continue to grow in length through- 
out the progravid phase and gradually become more and more spiralled 
or contorted. In the superficial ‘compact’ zone they break up into 
minute arterioles which supply a rich capillary plexus in the superficial 
spongy zone. In Homo they give off branches to the stratum spongio- 
sum but in the macaque they have very few except superficial branches. 
They play an important réle during pregnancy andin M. After ovula- 
tory M. they appear to undergo dedifferentiation in the outer regen- 
erating zone. There is an independent set of small arteries supplying 
both the basal zone and the adjacent muscle. They show no cyclic 
changes but are probably capable of irrigating the capillary bed in the 
basal half or } of the mucosa. They were first noted by Werth and 
Grusdew (1898) in the single injected uterus they had to study (from a 
16-year-old girl). This observation seems to have been forgotten. The 
significance of these vessels was first pointed out by Daron (1933, 1936) 
who rediscovered them in the macaque (cf. p. 48). From measure- 
ments on thin sections through the entire wall of the uterus, Stieve 
(1926) concludes that the muscle cells are smaller during M. than at 
any other phase of the cycle and that there is a gradual increase in size 
reaching a maximum at the height of pseudopregnancy. This re- 
quires confirmation from material in which measurements can be made 
on large numbers of entire muscle cells. The reduction in size agrees 
with that described for the gland cells of the mucosa. 

'R. Meyer (1920) pointed out the resemblance of the histologic pic- 
ture of M. to an indirect circulatory necrosis. ‘The features common 
to every menstruating mucosa are 1, extravasation of blood; 2, necro- 
biosis superficially; 3, more or less leucocytic infiltration, and 4, after 
the Ist day at least, gland cells are small (O’Leary, 1931) and the 
stroma characteristically dense. The last is associated with a dehy- 
dration of the mucosa (Van Dyke and Ch’en, 1936). The extravasation 
may be slight or massive and is usually superficial but it may extend 
into the stratum spongiosum. Necrobiotic changes are also largely 
superficial. ‘ Before or during M. following pseudopregnancy there is, 
in addition, an extensive involution of the hypertrophied mucosa. 
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” Histologically it differs considerably from anovulatory M. but the 
two processes are due to the same fundamental changes (Markee, 
p. 46) and intermediate conditions between the 2 types can be found. 

Tissue loss. ‘The question of tissue loss during M. has long been ac- 
tively controverted and all shades of opinion have been expressed 
from that of Williams (1875) that the entire mucosa is shed, to Geb- 
hard’s (1898) that only a few shreds of epithelium are lost here and 
there. Wyder (1883) emphasized the variability in tissue loss in differ- 
ent regions of the same uterus, and this is one reason for the radical 
differences of opinion concerning it. While it is probable that there 
is some loss of tissue somewhere in the course of every period, ovulatory 
and anovulatory, it is significant that histologically normal areas can 
be found in uteri from the lst, 2nd and 3rd days of the flow which have 
an intact epithelium apparently not recently regenerated (cf. Mandl, 
1896; Gebhard, 1898; Findley, 1902; Iwase, 1908; Bartelmez, 1933). 
R. Meyer (1930) regards all such conditions as essentially abnormal. 

The first irrefutable evidence that an extensive wound surface is 
usually produced during M. was furnished by Heape (1894, 1897) 
for two species of Old World monkeys. Van Herwerden’s (1905 and 
1906) detailed study of a large amount of monkey material obtained 
in the jungle, confirmed Heape but likewise received little or no atten- 
tion. No objection could possibly be raised to this work except by 
those who might insist on possible differences between th ‘lower 
animals” (!) and man. Evidence of a different kind and from human 
material was produced by Wyder in 1883, and then by van der Leyen 
(1907) who described sections of tissue fragments passed without pain 
by five ‘‘virgines intactae’’ and two matrons. She called attention to 
contorted glands and spiral arteries in these shreds. Lindner (1923) 
presents a similar study of a group of normal girls. In 15 out of 33 
individuals she also finds tissue fragments up to 40 mm. long on napkins 
from the lst two days of the flow. Progravid glands are not always to 
be found and decidual cells in only three cases. It may be said paren- 
thetically that this is to be expected from what we now know of ex- 
tirpated uteri. It is improbable that in the anovulatory type of M. 
(ef. p. 50) there is ever a loss of macroscopic tissue fragments but this 
does not give us a method of distinguishing between the two types of 
M. because even in “ovulatory” M. the passing of tissue fragments is 
probably not constant. Sekiba (1923) placed rubber pessaries over 
the portio in 15 patients and obtained blood-soaked shreds in 10 of 
them on the Ist or 2nd days, rarely later. It is remarkable that such 
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shreds, removed directly from the uterine lumen on the 2nd day and 
explanted, will show active growth of epithelial and stroma cells (Cron 
and Gey, 1927). Discharge removed from the cervical canal has many 
cells which react like living cells to neutral red and Janus green (Geist, 
1933). Yet the mucosa promptly undergoes changes even if rapidly 
removed from the uterus and placed in autogenous blood serum (Raab, 
1929), an observation which I can confirm for the macaque where mor- 
phologic changes are manifest within 10 minutes after the removal of 
material by biopsy involving no vasoligation. 

In monkeys the desquamation of tissue fragments may occur in utero 
(van Herwerden, 1905) but the autolysis (and digestion?) are presum- 
ably more complete. During M. Corner (1923) found no uterine cells 
in his smears and Hartman (personal communication) sees neither tis- 
sue nor uterine cells in his vaginal lavages. 

The earlier literature on tissue loss is reviewed by Froboese (1924). 
R. Schréder (1913-1930) has given us most of the evidence for tissue 
loss in Homo and since 1915 he has maintained that the entire compact 
and spongy zones are shed. That is to say, all of the mucosa which 
exhibits cyclic changes and which he terms the “functionalis” is se- 
questrated before the end of each period. This is not due to the 
manipulation of the organ during a hysterectomy, for Novak and 
Te Linde (1924) took every precaution to avoid trauma, as Mandl 
(1896) had done, and obtained histologic pictures very similar to 
Schréder’s. Novak and Te Linde studied 3 uteri removed just before 
an expected M. and 12 during the catamenia. All were promptly fixed. 
They find the loss of tissue variable on the 1st day and in their 5 cases 
from the 2nd day some “‘spongiosa’’ is still present. They recognize 
only basalis on the 3rd day. They see no signs of massive sloughing 
and believe that the mucosa gradually crumbles away at the surface. 
Shaw (1926) has 3 M. uteri in his series; he describes a disorganization 
and disintegration of the glands in the outer % of the mucosa, calls 
attention to the feeble staining of the superficial zone and agrees that 
all but the basal zone is lost by the end of the period. Others however 
disagree with Schréder. Gobert (1927) describes M. as an extrava- 
sation followed by a thinning of the mucosa and attributes the loss of 
tissue to subepithelial hematomata, denying an extensive loss. Jo- 
achimovitz (1928) concludes that in Homo more than { of the mucosa 
is shed but sees no shedding of the entire “functionalis.”” In the 
monkey, Pithecus, he estimates a loss of the superficial 4 of the mucosa. 
Zuckerman and Parkes (1932) state on the basis of two specimens that 
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in the baboon ? of the mucosa is destroyed. Bohnen (1927) was the 
first to recognize the necessity of having a landmark to indicate the 
extent of the loss and suggests the spiral arteries. Since he believes 
that closely spiralled vessels are characteristic of the basalis and since 
such vessels are at the surface during M., he decides that the entire 
“functionalis” is shed. The reviewer (1927, 1931) calls attention to 
the presence of spiral arteries at all levels of the mucosa during the 
late progravid phase and to certain sources of error in estimating tissue 
loss. The chief of these is the involution which occurs during ovulatory 
M. This was stressed by most of the earlier observers but has been 
forgotten recently except by Frankl (1921) and Cannon (1930, 1935). 
In my own material the thickness of 8 mucous membranes on the Ist 
or 2nd days of ovulatory M. averaged 2.29 mm. where the surface 
epithelium was still intact, whereas the corresponding average for 19 
progravid cases was 4.24 mm. Such involution follows pseudopreg- 
nancy in all mammals and is due to the “failure” of the corpus luteum. 
It has no necessary causal relation to extravasation (cf. p. 51). The 
glands collapse, their cells are reduced in size and the edema fluid 
disappears so that during or after the lst day, the stroma is characteris- 
tically dense. Thus the M. mucosa as a whole comes to resemble but 
only superficially, the relatively inactive basal zone of pseudopregnancy 
as we usually see itin Homo. From a study of the form of the reticular 
framework and of the glands it is concluded that some of the spongiosa 
dedifferentiates and remains in situ (the writer, 1933). O’Leary (1931), 
by a statistical study of gland cell volumes, finds a 26 per cent reduc- 
tion in a 2nd day case as compared to an early progravid stage and a 
53 per cent reduction in a 4th day case. The dehydration during M. 
is clearly demonstrated by the chemical studies of the macaque uterus 
(van Dyke and Ch’en, 1936) who report the total solids at 18.49 per 
cent during M. (ist day) as compared to 13.68 per cent during the 
proliferative phase and 15.36 per cent during pseudopregnancy. These 
differences are statistically valid. Herrell and Broders (1935), on the 
basis of 5 menstruating uteri, conclude that there is ‘‘no doubt that 
loss of tissue is complete in the first 24 hours and that the remainder 
of the menstrual period is one of hemorrhage and secretion.” (See 
Markee, however, p. 47.) 

\ Infiltration. Most observers since Kundrat and Englemann (1873) 
have commented on the large number of leucocytes in the stroma and 
within the glands of the M. mucosa. There is a correspondingly large 
“number in the discharge (Stickel and Zondek, 1921; Sekiba, 1923, etc.). 
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There is no general agreement as to the leucocyte types, the percentage 
of degenerated ones or their distribution (Hitschman and Adler, 1908; 
Schréder, 1912, 1915, 1930° Sekiba, 1923; Novak and Te Linde, 1924; 
Guttner, 1928). One factor in the variability of the picture is no doubt 
the presence of infection in some of the human material. The diffi- 
culties of identifying cell types in such histologic preparations are 
brought into strong relief by the observations of Clark, Clark and 
Rex (1936), who, using transparent chambers in the ears of rabbits, 
followed the transformation of polymorphonuclear leucocytes into 
typical moribund “round cells.’’ The best evidence that infiltration 
is a normal physiologic feature of M. is that it occurs in monkey ma- 
terial (Heape, 1894; van Herwerden, 1906; Joachimovits, 1927). 
Novak and Te Linde (1924), who review the older literature, identify 
three human specimens as immediately premenstrual on the basis of 
the uniform massive infiltration with many degenerating heterophiles. 

There are certain granules in or more probably between the epithelial 
cells which stain deeply with basic dyes. Schréder (1914), following 
Biittner (1910), interprets them as nuclear débris but Meyer-Ruégg 
(1928) suggests that they may be secretion granules. All of them, how- 
ever, react positively to the Feulgen test for thymo-nucleic acid and 
many stages in the degeneration and autolysis of wandering cells to 
isolated chromatin granules can be found (Bartelmez and Culbertson, 
1933; see also Rauscher, 1936). 

Little attention has been paid to the interpretation of the leuco- 
cytosis. Joachimovitz (1927) suggests that the leucocytes initiate the 
liberation of ferments and Schréder (1915, 1930), who describes a 
progressive flooding of the mucosa with leucocytes during the course 
of the flow, believes that they play a major rdéle in the disintegration of 
the tissue. The writer (1927, 1933) demonstrates the absence of the 
reticular framework where there are nests of them but finds the same 
conditions in areas where there are no leucocytes. The premenstrual 
ischemia (Markee, 1933, cf. p. 46) accounts for all such necrobiotic 
changes. It may be that the resultant changes of the pH of the tissue 
(Rous and Drury, 1929) stimulates the emigration of leucocytes. The 
infiltration may then have no especial adaptive significance. 

There are extravasated red blood corpuscles in the uterine mucosa 
not only during and just after M. but a few can often be found at other 
times during the cycle. ¥et they are very rarely phagocytized and 
macrophages are not common (Bartelmez and Culbertson, 1933). The 
uterine mucosa appears to be unique in this respect. , 
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Reépithelization. Before the end of M. much of the denuded surface 
is again covered by epithelium. Most recent observers agree that the 
cells migrate out radially from the mouths of the glands, the adjacent 
sheets meeting to restore the endometrial surface as von Herwerden 
(1905) first showed in the new epithelium spreading beneath the ‘‘men- 
strual clot.’”’ Heape (1894) had concluded, however, that the superfi- 
cial stroma cells are transformed into surface epithelium. He had little 
evidence except that there was an apparently rapid resurfacing of 
regions where the glands were few and far between. Recently Papani- 
calaou (1933b) has suggested a similar metaplasia in the uterine glands 
of the guinea pig. It is true that in ordinary histologic preparations it 
is often impossible even in serial sections to distinguish between flat- 
tened epithelial cells at the edge of a spreading sheet and superficial 
stroma cells. While it may be that most histologists have been unduly 
influenced by current dogmas concerning the potencies of various cell 
types, convincing evidence of this metaplasia can be furnished only 
by a series of cell types transitional between stroma and epithelial 
cells in cytologic preparations. No such study has appeared. Even 
before the surface epithelium is complete, the superficial circulation 
may again become active, the tissue loosen up, the cells appear rejuve- 
nated and mitotic figures become abundant. This marks the beginning 
of the regenerating “‘zone of Sekiba”’ (Bartelmez, 1931). 

Vagina during M. The evidence for a vaginal cycle in primates 
corresponding to the utero-ovarian cycle has recently been reviewed by 
Dierks (1929), Papanicalaou (1933), and Kessler (1934). We can con- 
sider only certain distinctive changes during M. The prodromal symp- 
toms of Pouchet (1847) seem to have been completely forgotten. He 
described an increase in epithelial cells, a change in color of the vaginal 
contents and the appearance of the peculiar odor one or two days before 
M. This would correspond to Markee’s (1936) phase of uterine 
ischemia (cf. p. 46). The finding of an acetonuria 1 to 2 days before 
M. on diets deficient in carbohydrate is worth noting in this connection 
(Kleesattel, 1926). 

Papanicalaou (1933a), in his thorough study of vaginal smears, recog- 
nizes 3 phases of M.: an initial stage in which vaginal epithelial cells 
predominate and most of the bacteria are cocci, a stage in which eryth- 
rocytes dominate the picture and one in which the most abundant 
elements are leucocytes and bacilli. By the use of intravital staining 
with colloidal dyes, Guttner (1928) concluded that active leucocytes 
were most abundant during M. and disappear after the end of the flow. 
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Hartman (1932) used methylene blue on vaginal lavages from macaques 
and certain of his charts clearly indicate an increase in unstained (liv- 
ing) leucocytes during M. According to Davis and Hartman (1935) 
they do not come from the vagina. Dierks (1927), on the basis of hu- 
man biopsy material, concluded that there is an extensive desquama- 
tion during M.; his schema is modelled on Schréder’s interpretation of 
the uterine cycle. Confirmations of this are cited by Dierks (1929). 
Positive findings must, however, be given greater weight. Thus in 
similar material Lindemann (1928) and Smith and Brunner (1934) 
find all three of Dierks’ layers present during M. as well as premen- 
strually. The conclusions of the latter are based on 26 biopsies from the 
’ Ist to the 4th days of the cycle. This was abundantly confirmed by 
Davis and Hartman (1935) who removed material weekly from each 
of a large series of macaques and found desquamation increasing gradu- 
ally during the progravid phase but rarely involving Dierks’ second 
layer. The leucocytic invasion of the epithelium is most marked just 
before, during and after M., but most of these cells appear moribund. 
This corroborates Hartman’s (1932) findings in vaginal lavages from 
the same species. He emphasizes the variability but concludes that 
there is a gradually increasing premenstrual desquamation which be- 
comes minimal during M., both in ovulatory and anovulatory cycles. 
In fact such fluctuation in vaginal desquamation may be the only 
evidence of a series of cycles (‘‘active amenorrhea”’) although there are 
also cases exhibiting a series of anovulatory menses without demon- 
strable vaginal cycles. The sedimentation technique of Hartman gives 
data which have some quantitative: significance as to changes in the 
vagina as a whole. This is not true where only sections and smears 
are studied. Van Dyke and Ch’en (1936) made many chemical analy- 
ses and report statistically valid quantitative differences in the vaginal 
mucosa of the macaque during the cycle. The percentage of water and 
of ash are higher on the Ist day of M., both ovulatory and anovulatory, 
as compared to the follicular or the early progravid phases. Ovulatory 
M. is characterized by the high glycogen content of the vaginal epi- 
thelium. They describe an experiment in which there was a clearly 
cut fall in the pH of the vaginal fluid about 5 days after the laying 
down of vaginal glycogen under the influence of theelin (ef. Allen, 
1928; Robertson et al., 1930). Grafenburg (1918) had described a 
maximum acidity at the time of M. in Homo. Martin (1932; cited by 
Kessler, 1934) failed to find evidence for cyclic changes in water con- 
tent, sodium or chlorine in the human vagina. His analyses included 
the entire wall of the organ. 
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Fallopian tube during M. There are few data on specific M. changes 
in the Fallopian tube. The literature on tubal cycles is reviewed by 
Novak and Everett (1928), Cahen (1928) and Corner (1932b). Atten- 
tion has been focussed largely on the epithelium. Cahen alone has 
employed methods adequate to reveal cytologic changes but he had 
very few specimens removed during M. and then only near the end of 
the period. He describes erythrocytes between the epithelial cells at 
this time. Novak and Everett are the only observers who had enough 
material from the M. phase to warrant any conclusions. They describe 
a reduction in the size of the epithelial cells, especially the cytoplasm, 
during the earlier phases of M. (cf. O’Leary, 1931, on the uterine 
gland cells). 

| The nervous system and M. The adequacy of the endocrine control 
of the female reproductive tract has been so fully demonstrated that 
it is difficult to see what part the nervous system has to play. Since 
it has been established that the stimulation of visceral nerves may 
give rise to highly diffusible and potent substances, the problem has 
become vastly more complicated. Most transplants are regarded as 


completely denervated; Markee (1932) has clearly demonstrated that: 


his uterine grafts to the iris have no nerve supply, yet they menstruate. 
However, the pelvic viscera have a rich innervation and it is hard to 
believe, for an anatomist at least, that the nerve fibers have no function. 
This matter as well as the physiologic and pharmacologic work on 
uterus and ovary has recently been reviewed by Dyroff (1929) and 
Gruber (1933). We must question the assumption of Kraul (1928) 
and Dyroff that in a system like this the effects of drugs can be used to 
demonstrate the normal functions of visceral nerves. Nevertheless 
Dyroff’s general conclusion that the endocrine and visceral nervous 
systems represent a single dynamic unit is intriguing and stimulating. 


No primate experiments are cited by him and the work does not fall 


into the province of this review, but it is to be recommended to all 
interested in the correlations within the female genital system. There 
are no adequate studies of nerve endings in the ovary or uterus because 
there is no method that can be relied on to demonstrate the finer fibers. 
The sporadic staining of connective tissue cells and fibers, precipitates 
and protoplasmic coagula, ete., by impregnation methods, introduces 
the utmost confusion (cf. Akagi, 1921). Until we have histologic work 
done with a variety of methods as well as observations:on the effects of 
sectioning definite nerve trunks, we must continue to grope in the dark. 

The spinal transection experiments of Van Wagenen (1931) have been 
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considered on p. 62. That the disturbance produced is a general one 
is shown by the observations of Markee et al. (1936) that uterine trans- 
plants to the eye will bleed after transection of the spinal cord. The 
delay in the reaction may be taken as evidence of a facilitating effect 
which the intact nervous system has on the reactions of the mucosa 
to chemical messengers. Edw. Allen and Priest (1932) find that ova- 
rian transplants to the eye do not respond to hormonal stimuli which 
profoundly affect the ovary-left in situ. This is open to the same in- 
terpretation. 

- VASCULAR CHANGES DURING MENSTRUATION. Most histologic studies 
of M. have incidental references to the blood vessels but until recently 
there have been no systematic studies of cyclic changes in the vascular 
system of the uterus such as are essential for the understanding of the 
conditions during M.; there have not even been any morphologic stud- 
ies on lower mammals such as might serve as a point of departure. The 
only useful work we have at present is Saito’s (1926) on Homo and that 
of Markee 1936 and Daron 1932, 1936 on Macacus. 

‘The menstruating mucosa in vivo. We shall begin with the observa- 
tions of Markee as they were made on unanesthetized animals and give 
us for the first time a continuous story of the process of M. In 1932 
he reported rhythmic fluctuations in the vascularity of the uterine 
mucosa of the macaque corresponding to those he had described for 
the guinea pig (1929). In both species and in the rabbit there is an 
alternating distention and depletion of the superficial capillary bed. 
This “blush and blanch” phenomenon was first observed in autog- 
enous transplants to the anterior chamber of the eye and was con- 
firmed for the guinea pig by observations on the uterus in situ. This 
rhythm promptly disappears under general anesthesia. The phenom- 
enon is shown to be under hormonal control (1932a, b) and gradually 
fades out in the course of 2 to 4 weeks after castration. Markee’s 
observations on the macaque have been presented before the American 
Association of Anatomists but only abstracts have been published 
(4933, 1936). He has placed his manuscript at my disposal and the 
following is a brief summary of the process of M. as seen in ocular 
transplants. In all cases observed, the mucosa becomes blanched 
before the onset of M. This is true whether ovulation has occurred 
during the cycle or not and it is a significant finding. ‘The ischemia 
is accompanied ‘or followed by an involution, i.e., a reduction in the 
size of the transplant (cf. p. 41) and it persists for from 4 to 24 hours. 
It is sufficient to explain the subsequent necrobiosis and extravasation. 
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Sooner or later after the onset of blanching an arteriole here and there 
dilates and promptly an area of extravasation appears about it. In 
the course of 20 minutes or more the hematoma enlarges to the dimen- 
sions of the “lacunae” described by Heape in monkeys (1894). They 
vary from 0.2 to 1.5 mm. in diameter and may be irregular in form. 
The intervening mucosa remains ischemic. The hematomata are 
usually subepithelial at first; sooner or later a papilla arises which pres- 
ently breaks, the blood oozing out slowly. Its color is dark like that 
of the lacuna, and there is no hint of clotting as the blood settles down 
in the anterior chamber. A given lacuna pours out blood for only a 
short time; very rarely for as long as 90 minutes. It does not subse- 
quently bleed. Sometimes hematomata from neighboring arterioles 
coalesce and as many as 9 papillae may appear, but only one opens | 
at a time. Lacunae continue to arise during the first 36 hours of M., 
the later ones appear to be deeper and on the average they bleed longer. 
There is very little indication of tissue loss during the first 12 hours of 
M., then bits become detached from the surface in regions where 
hemorrhage first occurred. In some instances blood was not found 
in the vaginal lavages until 33 hours after the appearance of the first 
hematoma in a transplant. Bleeding was not observed for more than 
53 hours in any transplant. In some instances an arteriole can be seen 
to rupture, then to contract while the neighboring vein disappears. 
In other cases the hematoma forms about the intact arteriole through 
which the blood continues to flow slowly. (This would agree perfectly 
with the histologic picture sometimes seen in Ist day cases where the 
capillary bed about an arteriole has burst.) There may also be regurgi- 
tation from veins, especially in the latter stages, as the writer (1933) 
postulated from the human histologic material. 

Some observations on the living human mucosa in situ have been 
made by means of specula since the time of David (1908) (R. Schréder 
et al., 1926; Mikuliez-Radecki and Freund, 1927, 1929; C. Schréder, 
1933). Under general anesthesia Mikuliez-Radecki and Freund saw a 
transitory blanching about the tubal angles some days before M. and 
just before the onset, bits of tissue became detached in this region. At 
this time the rest of the mucosa appeared swollen and hyperemic. In 
menopausal metrorrhagias Mikuliez-Radecki (1929) reports bleeding 
from isolated vessels on the surface. C. Schréder did hysteroscopies 
on 30 women with normal cycles, preliminary to curetting. In a 26th 


day case he describes the mucosa as pale, glassy, swollen and loosened 
at the tubal angles. 
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Markee’s findings in vivo have been confirmed and amplified by 
Daron (1932, 1936) who has studied the macaque mucosa by a method 
calculated to preserve functional states of the vascular bed at the 
moment of fixation. Under a minimal dose of sodium amytal the 
animals were given an intravenous injection of a colloidal solution of 
HgS which had no immediate toxic effects. While the blood darkened 
with HgS was still flowing actively, the uterus was rapidly frozen with 
alcohol chilled to about —60°C. In such material it appears that the 


superficial ischemia described by Markee is due to the occlusion of the 


spiral arteries, which constitute the only source of blood for this region. 
The constrictions occur in the myometrium near the junction with the 
mucosa. (It would seem that this segment of the arteries is sensitive 
to a blood borne hormone in concentrations which have no obvious 
effect on other arteries.) The vital injections of menstruating animals 
show that relatively little blood reaches the uterine lumen in the course 
of 20 to 30 minutes, although the superficial, often dilated ends of 
the spiral arteries may contain HgS up to the necrotic tips. Open 
ends can only occasionally be demonstrated. He finds blood colored 
by HgS passing out through veins open to the surface. In addition to 
the spiral arteries there is a system of small arterioles extending only 
into the basal zone. They are not constricted during M.. and evidently 
supply a variable thickness of mucosa during the time the spiral arteries 
are constricted, as may be judged from the varying extent of the super- 
ficial necrosis. Doctor Markee informs me that he also has seen these 
vessels in transplants and that blood may come from veins in trans- 
plants which have no myometrium (cf. Keiffer, p. 49). Saito (1926) 
and Contardo (1933) describe only capillaries extending from the myo- 
metrium into the basalis in Homo (but see p. 38). 

There is obviously no need of a special anatomic mechanism for the 
closure of the spiral arteries in the macaque. In Homo localized ec- 
centric thickenings of the intima were first described for the arteries of 
the female reproductive tract by Bucura (1903). Kon and Kareki 
(1909) observed them in 37 per cent of cases in their 17 to 30 year old 
group and also in a young child as well as in older women. They con- 
cluded that these structures are pathologic like the hyaline degenera- 
tions in the uterine vessels. Bucura (1910) believed them to be normal 
and termed them ‘‘Polster,”’ homologizing them with similar structures 
in the umbilical arteries at term and in erectile tissue. Joachimovitz 
(1928) states that they are present in Pithecus as well as in his human 
material but he gives no details or figures. In the monkey they are 
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stated to be especially prominent in the stratum vasculare of the 
myometrium and just below the mucosa. Daron (1936) finds nothing 
of this sort in Macacus. The writer (1933) identified a few ‘‘Polster’’ 
in some human uteri but would point out that in the case of the smaller _ 
arteries, the microscopic pictures are very difficult to interpret and 
positive identifications can be made only with the help of reconstruc- 
tions from thin sections. Keiffer (1905, 1919, 1933) also describes and 
figures similar conditions in the uterine veins as well as the arteries. 
Cushion-like thickenings (‘‘bourrelets’’) occur in the walls of myometrial 
veins in all human uteri which he has examined. Two adjacent bour- 
relets with the intervening thin-walled segment constitute a ‘‘peripheral 
venous heart.”’ The general dilatation of these structures, he believes, 
produces an erection of the uterus. He finds in addition that strands 
of myometrium join the muscular tunic of the smaller veins in such a 
manner that their lumen must be occluded by sphincter action or tor- 
sion during the rhythmic uterine contractions. These observations 
were recently confirmed by Durante (1933). This may well be an 
important feature of the uterine circulation, it may produce a venous’ 
stasis and may be concerned with the regurgitation of blood during M. 
from the ruptured veins of the mucosa (see however Markee, p. 48). 
The writer (1933) describes greatly dilated veins in the myometrium 
subjacent to the mucosa which suggest a persisting venous stasis in 
late M. stages. Pankow (1906) found the venous ‘‘Polster’”’ made up 
largely of elastic tissue. 
- Kundrat and Englemann (1873), who gave us the first adequate his- 
tologic study of the M. uterus, described rupture of capillaries in a thick 
hyperemic “‘progravid’’ mucosa. Leopold (1877), who described the 
spiral arteries of the mucosa and interpreted their convoluted form as 
a mechanism for retarding the current, found them at the denuded 
surface in a Ist day case. Meyer-Ruégg (1918) had a similar one. 
Schréder (1930) who studied 20 normal M. uteri refers to “groups of 
vascular stumps” which project into the uterine lumen. These are 
obviously sections of single convoluted arterioles. Sampson (1911) 
noted the difficulty of forcing an injection mass into the uterine arteries 
during M. 

Lahm (1926) seems to have been the first to suggest that the men- 
strual necrosis is due to a vasoconstriction such as is manifest post par- 
tum. In his two specimens he finds the arteries of the mucosa con- 
stricted. Meyer-Ruégg (1928, six autopsies) supports this view of an 
“anemic mucosa,” stating that the arteries are constricted basally and 
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show evidences of stasis superficially. The writer (1933, 16 uteri ex- 
tirpated during M.) finds wide variation in the appearance of the 
spiral arteries at different levels of the mucosa and usually no uni- 


_ formity in the arteries in any given specimen. He sees the same 


conditions in macaque uteri rapidly frozen in situ. Various conditions 
are listed, however, which suggest that these vessels are conducting 
little or no blood. Thus there are arterioles opening directly into the 
uterine lumen but no evidence of a hemorrhage such as must have oc- 
curred if they had been conducting blood for many minutes at a time. 
Other arteries with necrotic tips project freely into the uterine lumen. 
Areas of “massive’’ extravasation are figured where the entire capillary 
bed of a spiral artery seems to have burst. The conclusion is drawn 
that the ischemia is due to the constriction of vessels in the myometrium 
and this was subsequently demonstrated by Daron (1936) for the 
macaque. The observations of Pankow (1906), Keller (1911) and Saito 
(1926) on the behavior of the elastic tissue are confirmed. There may 
be degenerative changes in Henle’s membrane throughout the mucosa 


‘which may involve the dispersal of ‘‘elastoidin” flakes along the course 


of the vessels. They occur in uteri which have never been pregnant 
and can be ascribed to the M. ischemia. In some cases they are the 
only morphologic changes seen in the arteries during M. 
| Practically all histologists since Kundrat and Englemann describe 
a superficial congestion and edema just before (Schréder, 1922) and 
during early phases of menstruation; Novak and TeLinde (1924) 
postulate diapedesis of reds under these conditions. 

MENSTRUATION AFTER ANOVULATORY CYCLES. In order to demon- 


“strate absolutely whether or not a given M. period has been preceded 


by ovulation and pseudopregnancy it is necessary to have certain 
critical data. 

1. Both ovaries should be normal. Any corpora lutea they may con- 
tain must be studied histologically and their normal structure and age 
determined by a competent observer (there are probably not many 
such, as is shown by Corner, 1936). 

2. In the case of anovulatory M. there must be a reliable history 
which proves that the period in question appeared after the usual 
interval. 

3. The uterine mucosa should be studied histologically. 

While it is not particularly difficult to prove ovulatory M. it is well 


to remember that many diagnoses of recent corpora lutea have been 


wrong. In Homo the anovulatory type is very difficult to prove as 
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2 normal ovaries are rarely available when an adequate menstrual 
history is to be had. ‘This is not so in monkeys. Since Heape (1894, 
1897) and van Herwerden (1905, 1906) and Corner (1923), many in- 
stances of M. not preceded by ovulation have been demonstrated in 
other primates and we know that in the macaque one or more such 
cycles may occur at any time in normal animals. Hartman (1932) 
presents overwhelming evidence from various angles after six years’ 
observations on a large colony. To say that such bleeding is due to 
the untoward influence of laboratory life on a wild animal (R. Meyer, 
1924) is to forget that van Herwerden’s material was shot in the jungle. 
The breeding record of the Carnegie macaque colony is equally good 
evidence that no abnormality is involved. 

Van Herwerden (1905) was the first to describe histologically and 
contfast the 2 types of M. uteri, those in which there had been a pre- 
ceding pseudopregnancy and those in which there was no indication of ~ 
it. Corner (1923) showed that anovulatory M. occurs at the expected 
time to judge from the previous history and does not differ clinically 
from the other type. He presented the fundamental implications of 
these findings in such a manner that they could not be disregarded in 
any theoretic consideration of menstruation. Hartman (1929, 1932) 
shows that most of the summer cycles in the rhesus monkey are 
anovulatory, although such may occur at any time in the midst of a 
series of ovulatory cycles. A conclusion of fundamental importance 
is that the two types of cycles are not absolute categories; few biologic 
types are. The optimal conditions which bring about ovulation and 
pseudopregnancy may be gradually approached in successive cycles. 
both in adults after periods of amenorrhea and during puberty. Sys- 
tematic rectal palpations of ovaries and uterus and variations in vaginal 
desquamation give evidence of such a “staircase phenomenon”’ (ef. p. 
44). 

Anovulatory cycles have also been demonstrated by adequate histo- 
logic study for various species of monkeys by Allen (1926, 1928), 
Joachimovitz (1928), Spiegel (1930), van Wagenen and Aberle (1931), 
van Dyke and Ch’en (1936), and others. Their occurrence in the 
baboon is questioned by Zuckerman and Parkes (1932). 

So far as the human species is concerned much could be done by 
pathologists who have material from cases of violent death, but un- 
fortunately they seem to have lost interest’ in general problems of 
this kind. The histologic study of just the uterine mucosa can give 
presumptive evidence only on the Ist or 2nd days of M., i.e., before 
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involution has proceeded too far. In the anovulatory type there is 
only a superficial necrosis of a thin mucosa with simple glands and 
dense stroma. The spiral arteries are feebly developed (Daron, 1936). 
Mucous membranes have repeatedly been described in which there were 
no progravid changes shortly before an expected flow. Such cases are 
of very little value in this connection because there is no means of 
knowing when the next period would have appeared if there had been 
no surgical interference, i.e., an amenorrheic period may have been 
at hand (R. Meyer, 1924). There are at least 17 reasonably satis- 
factory human cases in which M. appeared at the expected time but 
neither ovary contained a corpus luteum which could be ascribed to the 
immediately preceding cycle. They are as follows: 2 cases, Coste 
(1847, p. 221), 1 case each, Bischoff (1854, case 14), Dalton (1877, 
case 17), Jackson (1884), Leopold and Mironoff (1894, case 4), Mandl 


' (1896, case 1), 2 cases, Heape (1898), 4 cases, Schickelé (1921); 1 case 


each, Corner (1927), Horrenberger (1927, case 25) and Allen et al. 
(1928). The observation of Knaus (1935), cited on p. 53, is highly 
suggestive and gives us an inkling of the frequence of anovulatory 
cycles in Homo. In addition to these 15 cases, Leopold (1877) described 
the genital organs of a girl who had been killed in an accident on the 
1st day of a period which began 31 days after the previous one. There 
was no corpus luteum in either ovary but an apparently cystic follicle 
in each one. The uterine glands were ‘‘spiral’’ with wide lumina and 
the spiral arteries were well developed. The writer (1933) reports a 
similar case (no. 8, 2nd day) with no sign of pseudopregnancy in the 
corpus but areas with sinuous glands near the tubal ostia. This feeble 
progravid reaction is associated with a narrow fringe of lutein tissue 
in an ovarian cyst. Neither ovary contained anything that could be 
called a corpus luteum, yet the patient’s written record showed a re- 
markably regular series of recent cycles. These two cases represent 
conditions intermediate between ovulatory and typical anovulatory 
M. and are in keeping with Hartman’s evidence of a “staircase phenom- 
enon” (cf. p. 51) and his conclusion that the “typical” ovulatory 
cycle represents an optimum condition. There are at least three 
cases listed by Ruge II (1913) in which it is improbable that a corpus 
luteum from the preceding cycle was present at the time of M. It is 
interesting to note that at about this time R. Meyer (1911), whose 
material Ruge was describing, had written, “...dass es eine willkiir- 


liche und gar nicht zu begriindende Voraussetzung ist, wenn man 
annehmen wollte, dass jeden Monat ein Corpus luteum gebildet wiirde.”’ 
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Several histologists have described and figured menstruating uteri with 
a low mucosa, simple glands, a dense stroma and little or no loss of 
tissue (Gebhard, 1895; Mandl, 1896; Findlay, 1902; Bartelmez and 
Culbertson, 1933; ete.). They might also be interpreted as cases of 
anovulatory M. To these and to the foregoing human cases various 
objections can and indeed have been raised by proponents of the nida- 
tion hypothesis (p. 58) who have failed to distinguish between the well — 
established facts on which their hypothesis is founded and the ephem- 
eral speculation which has sprung up about the facts. With the back- 
ground of unimpeachable evidence afforded by the observations on 
monkeys, the human evidence becomes significant. Anovulatory M. 
exhibits the same fundamental characteristics as the current textbook 
variety. 1. The rhythm is the same, and 2, the clinical manifestations 
are practically identical (Corner, 1923; Hartman, 1932). 3. There is 
an antecedent ischemia followed by extravasation and necrosis (Markee, 
cf. p. 46). 4. The uterine stroma loses water (van Dyke and Ch’en, 
1936) which manifests itself histologically in a reduction in gland cell 
size (O’Leary, 1931) and a dense stroma. It is perhaps necessary to 
point out that a single well authenticated case of M. in the absence of 
a corpus luteum is necessarily fatal to a doctrine which ascribes M. 
to the “failure” of the corpus luteum. 

Recently various clinical workers have looked to anovulatory M. 
as an explanation of certain types of sterility (E. Novak, 1930, 1932, 
1934; Mazer and Ziserman, 1932; Schréder, 1933 and Tietze, 1933). 
While their findings, based on premenstrual curettings and blood 
oestrin determinations (cf. p. 63) cannot be regarded as giving reliable 
evidence of this type of M., they are suggestive. Knaus (1935) using 
his pituitrin sensitivity test on a 23-year-old woman obtained evidence 
of the absence of the corpus luteum in a series of cycles. The impor- 
tant question as to the relative frequence of anovulatory cycles in 
Homo cannot be settled until we have a more readily applied test for 
ovulation so that enough observations can be recorded for statistical 
treatment. 

I may suggest that quantitative determinations of glucose or lactic 
acid and of certain amino acids in the discharge may give us such a 
method since both glycogen and tissue destruction are much greater 
after pseudopregnancy than after anovulatory cycles. The attempts 
to ascribe all anovulatory cycles in Homo to cystic follicles (Burch et 
al., 1931; Westman, 1932; Schréder, 1933; Tietze, 1933), do not take 
into account various human cases in the literature and totally neglect 
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the extensive evidence from monkeys. They are signs of the advent 
of another device like ‘‘endometritis glandularis’’ developed solely for 
the shelving of unwelcome facts. 
| HYPOTHESES AS TO THE NATURE OF MENSTRUATION. It is necessary 
to distinguish between hypotheses as to the fundamental or adaptive 
significance of M. and ideas as to the mechanism concerning in the pro- 
duction of the clinical picture. The latter are considered on p. 61. 
Purification hypothesis. Perhaps the most venerable interpretation 
of M. is that it serves to cleanse the system, the female of the species 
being particularly in need of such a process, it would seem. It has 
persisted up to the present in European folklore as well as in the in- 
numerable taboos of primitive peoples. This may be taken to indicate 
that it has some factual basis. The observations of Schick (1920) 
brought the matter into the realm of scientific enquiry. He found that 
various cut flowers will wilt within 10 to 20 minutes after being handled 
by certain women during the first 2 days of the catamenia and postu- 
lated the excretion of a “menotoxin’”’ because he found the discharge 
obtained from napkins had this effect. Systemic blood and axillary 
sweat obtained during M. were more “‘toxic’”’ to blossoms than at other 
times and they also retarded the growth of yeast. This idea has been 
supported by many other clinicians, notably Aschner (1922, 1923), 
because the symptoms in various pathologic conditions may be exacer- 
bated during M. Sanger (1921) could not verify Schick but M. Frank 
(1921) confirmed him so far as human milk is concerned. He cites the 
prevalence of disturbances in suckling babes while the nurse is men- 
struating and Fraenkel (1927) states that the babes’ feces become dark 
at this time (see also Silber, 1930; Eltz, 1932; Borsarelli, 1933). Stein- 
ert and Papp (1934) attribute menstrual disturbances during lactation 
to a reduction in diastase. Sieburg and Patschke (1923), with the idea 
of a “menstrual vagotonia” in mind,’ observe a slowing of the frog’s 
heart beat and an increase in intestinal tone (rabbit) when exposed to 
axillary sweat from M. women. They regard the great increase in 
potency after acetylization as adequate to identify the active substance 
as choline. They estimate the excretion of 12.5 to 600 mgm. per kilo 
during M. as compared to 0.2 to 8 mgm. at other times. Choline, 
however, has no demonstrable effect on cut flowers. Using the same 
methods, Labhardt (1924) reports much greater variability; indeed 


3 It may be said that M. Franke (1917) by no means demonstrated such a vago- 
tonia and the observations of Kraul (1928) and Dyroff (1929) indicate that the 
situation is a very complex one (see also Gruber, 1935). 
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he finds the sweat of some men as potent as that of any M. woman. 
Polano and Dietl (1924) find that after being kneaded by a M. woman, 
the growth of yeast may be retarded or accelerated. They attribute 
this to cyclic fluctuations in the traces of choline and creatinin excreted 
in the sweat from the finger tips. Klaus (1925) cites the shortcomings 
of biologic tests and reports gravimetric determinations of choline in . 
sweat by the platinic chloride method. Pooling the sweat from three 
groups of 12 individuals each, he computes 312 mgm. of choline per 1. 
in the group of menstruating or immediately premenstrual women as 
compared to 6.5 mgm. in the intermenstrual group and only a trace in 
the group of men. He did not use a sweat bath and his differences 
seem to be significant. Subsequently (1927) he sought for choline in 


- the discharge itself but found no evidence of it in over 1000 pads intro- 


duced into the cleansed vestibule. The odor of the discharge indicates 
trimethylamine and tests for it are positive but not only during M. He 
suggests that choline eliminated during M. is broken down into tri- 
methylamine or a similar substance. Minchin (1902), it may be pointed 
out, had made quantitative determinations of trimethylamine in normal 
women and reported a variation of from 0.07 to 0.72 per cent. It was 
increased in cases of infections involving hyperemia of the genitalia. 
Lanezos (1930) finds that a preparation of frog’s gastrocnemius loses 
excitability when either the nerve or muscle is held in the hand of a 
M. woman for 10 to 15 minutes and that dilute solutions of trimethyl- 
amine have the same effect. Cattaneo (1933) sought for choline in 


-human uteri (method not given) but found evidence of it in only 1 case 


in which the uterus had been ruptured with forceps after a long labor. 
Macht and Lubin (1924) studied the effects on lupine seedlings of add- 
ing to a nutrient solution the systemic blood, sweat, milk, tears and 
urine of M. women. While there is much variability they recognize 
within 24 hours a significantly greater retardation and irregularity in 
growth as compared to the controls. The growth of yeast and cyclosis 
in Nitella are also retarded and an alcoholic ovarian extract is more toxic 
than those of other endocrines. Choline solutions do not act as ‘‘phyto- 
toxins’’; an oxycholesterol, however, was found to be toxic when diluted 
1 part to 25,000 of blood serum. It is curious that they have no data 
on the effects of the discharge itself. Béhmer (1927), however, using 
the same method, reports toxic effects from the discharge when the vul- 
val secretions are included, whereas Dogliotti (1932), removing it di- 
rectly from the uterus, finds no effects on frog’s heart or neuromuscular 
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preparations or on arterial pressure in the dog. Christiansen (1929) ap- 
pears to be the only botanist who has attacked this problem which 
obviously involves delicate questions of plant physiology. He reports 
the effects of M. discharge and saliva on yeasts. The former from the 
cervical canal as well as from the vagina was placed in a hollow ground 


. Slide and the yeast culture kept above it in a hanging drop. Under 


these conditions different effects are noted: 1. Growth is retarded, or 
2, is accelerated. 3. The yeast cells are killed and disintegrate. 4. 
Retardation in growth may be followed by definite morphologic changes 
in cytoplasm and vacuole although the cells may live for 2 weeks. 
5. Hyphae may form. A seasonal variation is noted in a woman 
studied for 15 months. Between February and September 1928 the 
yeasts were killed by an emanation from the discharge. Retardation 
in growth, hyphae and reduction in the volume of the cytoplasm were 
observed between November 28 and March 29. Protoplasmic contrac- 
tion but no hyphae were seen during the next 2 periods (cf. Richards, 
1935). Choline solutions had no such effect. Saliva tests are more 
variable but saliva from a M. woman always produces inhibition of 
fermentation. He compares these effects with those of mitogenetic 
rays. Meyran and Nothhaas (1929) note that any blood serum has 
an inhibitory effect on lupine seedlings and observe a significant re- 
tardation from the blood of only 4 out of 23 menstruating women. 
Mandelstamm et al. (1933), carefully controlling the seedlings used for 
testing, find no evidence for a retardation by M. discharge removed 
from the uterus or by blood serum, and very little from vulval dis- 
charge. Freeman and Looney (1934) also fail to find evidence of a 
“menotoxin” in the blood of 22 normal women by the technique of 
Macht and Lubin. Macht and Davis (1934), however, add further 
evidence for a ‘‘menotoxin”’ by experiments with animal tissues; viz., 
neuromuscular preparations, vas deferens, intestine as well as the 
general activity of rats. Mommsen (1934) finds the discharge retard- 
ing the growth of yeast whereas acetylcholine and guanidin have no 
such effect. There is evidence from tests which appear all too delicate, 
that the active substance gradually increases in the circulating blood 
premenstrually. Fleckner (1934) shows that when M. discharge is 
added to the nutrient solution in which certain plants are growing, 
their development is retarded, but any systemic blood has the same 
effect. He ascribes:this to the development of certain gas bacilli in 
the solutions. When added to water used on plants growing in earth 
the discharge like the blood serves simply as manure. It may be 
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pointed out that the prompt reactions of Schick, Lanczos or Christian- 
sen can hardly be explained on this basis. 

The only conclusion that appears justified is that the secretion of 

certain active substances by various cutaneous glands is increased 
during M. Great variation from one individual to another explains 
some of the contradictions. There is little if any evidence that the 
uterus discharges a toxin. Systemic changes possibly associated with 
the premenstrual ischemia result in an increased formation of a sub- 
stance or substances which are produced at other times as well. Per- 
haps when we know with certainty what they are, adequate tests can 
be devised and there will be fewer differences of opinion. 
_ Wave theory. ‘This raises the question of the Goodman-Jacobi wave 
theory. We cannot consider the voluminous and highly contradictory 
literature on this topic. The work has been done on the assumption 
that all M. cycles are practically identical. If, however, two types of 
cycles, ovulatory and anovulatory, were taken into consideration, it 
is possible that the data could be separated into two more or less dis- 
tinct categories and much variability might be explained. Whether 
the 2 types of M. are as common in Homo as they are in Macacus can 
only be determined by the study of a large number of normal women 
in whom ovulation in a series of cycles has been positively recognized 
or ruled out. This must await the development of a readily applied and 
sure test of ovulation (ef. p. 53). 

Oestrus hypothesis. About the middle of the last century the Aris- 
totlean doctrine of M. was generally adopted throughout Europe. 
Spontaneous ovulation had been demonstrated at the time of rut in 
many mammals and M. was homologized with it largely on the basis 
of the oestrous bleeding in the dog and cow. It was concluded that 
ovulation in women “must” occur at the time of M. The only really 
crucial evidence was never obtained, i.e., no one has ever recovered 
a normal ripe egg during M. although competent observers have meticu- 
lously sought for them in the uterus and tubes of young women who 
had died violent deaths during M. The doctrine persisted for 75 years 
because it worked. Coitus was advised just before and after a M. 
period—the post-menstrual matings were so frequently fertile that the 
hypothesis became a dogma. The first histologic study showed that 
M. is no “mere sweating of blood from a hyperemic mucosa.”” Kundrat 
and Englemann (1873) found the extravasation associated with nec- 
rosis. The introduction of the antiseptic technique into surgery made 
laparotomies relatively safe and panhysterectomies were done often 
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for no more serious condition than dysmenorrhea. Leopold (1877 ss.) 
had many well preserved specimens available and soon recognized that 
M. was frequently not associated with recently ruptured follicles or 
young corpora lutea. ‘The large follicles he and others did find at the 
time of M. may well have been cystic and degenerating. Heape (1894) 
furnished clear evidence that ovulation does not occur at the time of 
M. and he homologized it with prodestrus in mammals which have - 


Tutting periods. Marshal (1922), Cannon (1931) and Zuckerman 


(1929, 1930) have proposed modifications of this hypothesis but such 
attempts are more ingenious than convincing since all recent evidence 
indicates that ovulation is usually as far removed as possible in the 
cycle from the onset of M. (Hartman, 1936) and during M. normal rapidly 
growing follicles have not been demonstrated. / Proéestrus on the other 
hand is definitely associated with rapidly growing follicles. It is a 
period of intense vascular activity in the uterine mucosa, not one of 
ischemia (Markee, p. 46), and the hormonal balance appears to be 
quite different (Hartman, 1929b). 

' Nidation (or corpus luteum) hypothesis. This hypothesis began to 
take form after the essential similarity between the “premenstrual” 
(progravid) mucosa and the early decidua vera of pregnancy was 
demonstrated by Hitschmann and Adler (1907) and Fraenkel published 
his studies (1903-1910) on the corpus luteum. Corner (1923, 1932) 
presents reviews of the evidence on which this hypothesis rests. Ac- 
cording to this interpretation, the nest prepared for the egg under- 
goes degeneration when the egg is not fertilized and this degeneration is 
manifested externally by the menstrual discharge. It necessarily 
postulates the occurrence of ovulation in every cycle. If M. can occur 
without any preceding ovulation or the associated uterine hypertrophy, 
then the hypothesis must be abandoned especially since in the anovu- 
latory cycles of the macaque there is usually no hint of any abnormality 
either clinically or histologically. The introduction of new words like 
“pseudomenstruation” does not help any. The primacy of the ovum 
which was originally a corollary of the hypothesis (R. Meyer) has 
already been effectually disposed of (Corner, 1923, 1932; Allen et al., 
1928; Allen, 1930; Westman, 1928, 1933). One of the chief bulwarks 
of this hypothesis is the fact that M. usually appears promptly after 
the removal of the corpus luteum. Halban and Kohler (1914, 1925) 
found that subsequent cycles follow at typical intervals after such 
experimentally produced periods. Merely dropping the extirpated cor- 
pus into the body cavity is sufficient to prevent the bleeding. While 
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’ they state that simple mechanical injuries to the ovary have no such 
effect, they do say that the removal of the corpus luteum at any stage 
of the cycle (even 6 days after the onset) produces M. On the other 
hand Fraenkel (1903), Reusch (1916), Watrin (1924), and especially 
Ostricil (1924) (cf. Pratt, 1935) have reported a delay in the next ex- 
pected period in some cases following the removal of a corpus luteum. 
There. are many procedures which produce bleedings having the essen- 
tial characteristics of M. (cf. p. 62) and there is no proof of any spec- 
ificity in corpus luteum removal. 

~The embryotrophe hypothesis. Students of placentation have long 
recognized the importance of extravasated maternal blood as a source 
of nourishment for the blastocyst in early stages of development 
(Hubrecht, 1889, and others; see Hartman, 1930, 1931). In certain 
mammals some blood extravasated during implantation stages reaches 
the vagina—the “placental sign” of Long and Evans (1922) (cf. Staf- 
ford, 1930). Evans (1928) showed that this extravasation is a purely 
maternal phenomenon in the rat since it occurs in the 4 per cent of pseudo- 
pregnancies in which deciduomas develop spontaneously. Krehbiel 
(1935) confirms this by a new method of producing deciduomas and 
describes the histologic details (paper in press). The bleeding then is 
purely maternal, not due to the trophoblast. Corner (1923, p. 478) 
had suggested that M. in primates corresponds to the mechanism for 
supplying the ovum with free maternal blood (see also, Young, 1930), 
and pointed out that this gives M. an adaptive significance rather than 
branding it as wastage or as an essentially ‘‘abnormal” process. When 
Hartman (1929) discovered the ‘“‘placental sign’ in the macaque he 
formulated a similar hypothesis supported by a wealth of evidence from 
the great Carnegie colony of macaques. In his 1932 monograph he 
records 33 accurately dated pregnancies in all but one of which vaginal 
bleeding was noted after implantation and at the time when M. would 
have been due. The average interval between the last flow and the 
onset of the placental sign is 29.2 days and the variability is comparable 
to that of ordinary M. cycles. Placental sign bleeding is differentiated 
from M. by its long duration (13-32 days, average 23.3 days) and by the 
fact that it is confined to the implantation site (Wislocki and Hartman, 
1929). It is usually light but may at first be indistinguishable from M. 
There are indications that a similar bleeding occurs in Homo. | All 
human embryologists are familiar with cases in which the embryo is 
obviously a month older than is indicated by the menstrual history. 
This is true of operative cases as well as abortions and it is not uncom- 
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mon in pregnancies which go to term. In addition one often finds the 
statement in gestation records that the “last period’”’ was exceptionally 
light or short. I have not been able to find any systematic study of 
this matter. The difference between M. and implantation bleeding 
would seem to be due primarily to the active corpus luteum which 
modifies the vascular reaction, i.e., “protects” the mucosa except in the 
region where its influence is overcome by the activities of the tropho- 
blast. If there is usually no more than a microscopic “placental sign”’ 
in Homo and the same mechanism is concerned as in M. we have an 
explanation of a certain variability that has been noted in early im- 
plantation stages. If the specimen happened to be removed during the 
prehemorrhagic “‘blanch’’ phase (cf. p. 46) little blood would be found 
about the ovum. If the extravasation had already begun, much blood 
might be present, as in the Peters’ ovum. Brewer (in press) describes 
a very similar specimen in which evidences of vascular stasis and 
degeneration about the ovum are associated with extravasations re- 
sembling those seen in M. §S. H. Bensley (personal communication) 
suggests that an essential feature of these phenomena is the ischemia 
which serves to weaken the maternal tissues so that they fall a ready 
prey to the invading trophoblast. This would give adaptive signifi- 
cance to the fundamental phenomenon involved, i.e., the ischemia. 
On the basis of this hypothesis Hartman (1929b) recognizes three 
physiologic types of bleeding which are strictly homologous. First 
there is the placental sign bleeding which begins early in implantation. 
Second there is a corresponding but more widespread uterine hemor- 
rhage which occurs at the same relative time but when no egg has been 
fertilized. The endocrine mechanisms have nevertheless continued 
to operate just as if conception had occurred. Third, there is a phase 
of ischemia followed by extravasation (Markee, p. 46) even if no egg 
in the ovary has reached maturity and the specific ovarian correla- 
tions (pseudopregnancy) have not occurred. There are transitions 
between the last two types (Hartman, 1932; Bartelmez and Culbertson 
1933). As R. Meyer has fully appreciated, this is a significant feature 
of Hartman’s hypothesis. Cycles may occur under other conditions 
when they are usually said to be absent simply because there are usually 
no overt manifestations. Thus, Wintz (1925) describes 2 cases of M. 
appearing regularly throughout normal pregnancies in which the 
empty horn of the bicornuate uterus was the source of the discharge 
(ef. Deutschman, 1927). Tinklepaugh (1933) likewise describes a 
series of cyclic changes in the external genitalia of a chimpanzee during 
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the whole course of a pregnancy. This recurrence of cycles during 
pregnancy is difficult to explain on the basis of a theelin-progestin 
balance such as has been postulated as the ‘‘cause” of M. The 
evidence of Mommsen (1934) that there are cycles during lactation 
amenorrhea may also be cited (cf. p. 56). 

THE “‘CAUSE”’ OF MENSTRUAL BLEEDING. Facts and fancies. Many 
experiments have been made in recent years to discover the factor or 
factors concerned in the production of menstrual bleeding. As has been 
indicated (pp. 47 and 48) this problem now appears to have been clarified 
so that the questions to be asked are: What conditions produce the 
premenstrual ischemia and what changes in the situation bring about 


the subsequent relaxation of the spiral arteries which results in extrava- 


sation? The underlying observations have only just been published 
(Daron, 1936) or have only been briefly summarized (Markee, 1933, 
1935, 1936) and no experimental studies have as yet appeared on the 
physiology of the spiral arteries in primates. 

We have already mentioned several systemic changes which have 
been held responsible for M.: anaphylactic’ shock, arsenic poisoning of 
the mucosa (p. 34), a “menotoxin” (p. 54) local conditions like 
hyperaemia (Pfliiger), the liberation of a proteolytic ferment (p. 35), 
the presence of a corpus luteum (Fraenkel) the “failure” of the corpus 
luteum (p. 58), and an increase in the amount of available oestrin 
(Watrin and Brabant, 1934). A. Gerson (1920) wrote a long paper 
from the Freudian point of view to prove that primitive man hunted 
his females on moonlit nights and the resultant anticipatory uterine 
hyperemia gradually established the function of M. (!). 

Recently an explanation of M. bleeding, first made by Edgar Allen 
(1926) has stimulated much work in this field. P. E. Smith has termed 
it the 

Estrin privea hypothesis. It has long been known by the gynecolo- 
gists that uterine bleeding occurs a few days after the removal of the. 
ovaries. Allen (1926) found that spaying done after the middle of a 
cycle in the macaque always results in M. It occurs even if there is 
no large follicle or corpus luteum in either ovary. The removal of only 
one ovary has the same effect (Allen, 1927). It is prevented if theelin 
treatment is promptly instituted. This, it may be suggested, may 
mean only that bleeding is prevented if the profound disturbance to the 
endocrine system produced by the operation is ameliorated by the 
theelin. Bleeding does not occur when immature animals are spayed. 
Allen (1928) and van Wagenen and Aberle (1931) find that the uterine 
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mucosa during such opérative menses presents the picture of anovula- 
tory M., as described by Corner (1923). A similar bleeding occurs 
when theelin treatments of spayed macaques are suddenly stopped. 
If the dosage is gradually reduced below the threshold, longer periods 
intervene before the onset and the bleeding is lighter (Allen, 1927; 
Morrell et al., 1930). Hisaw (1935; see citation by Corner, 1932) 
observes it in typical form if the dosage is reduced to one-half after 
long continued theelin administration. These observations have been 
abundantly confirmed (Hartman, 1931; Allen, 1932; Corner, 1932a; 
Engle, Smith and Shelesnyak, 1935). Van Wagenen (1932, 1933) 
shows that the same type of bleeding occurs after transection of the 
spinal cord of monkeys at lower thoracic levels. This does not occur 
in ovariectomized, or immature animals with intact ovaries. The 
conclusion is drawn that it is associated with a reduction in oestrin 
level (van Wagenen and Zuckerman, 1933). M. also follows hypophy- 
sectomy done at about the middle of the cycle (Smith, Tyndale and 
Engle, 1936). 

Much weight has been placed on the effects of the removal of a corpus 
luteum (cf. p. 58) but there is no proof that the reaction is specific. 
‘Pratt (1927) points out that any handling of the ovary at laparotomy 
may be followed by M. and indeed any insult to the female reproductive 
system or the endocrine complex which controls it may have the same 
effect. 

Still more general disturbances such as purely psychic shocks or 
bodily injuries may sometimes initiate uterine bleeding as well as stop 
a normal flow or delay its onset. Agonal M. belongs in the same 
category. Anaphylactic shock produced with heterologous serum re- 
sults in M.-like bleeding (Bouché and Hustin, 1921; see also Trifaud, 
1925, and Vignes, 1926). It may be that all these procedures bring 
about a sharp reduction in the oestrin level perhaps simply by changing 
the renal threshold, but this remains to be proven. In any case cer- 
tain recent observations lead us to doubt that a fall in the available 
oestrin actually produces the bleeding. Hisaw (1935) finds that if 
macaques are spayed during the 2nd half of the cycle it requires larger 
and larger doses of theelin to prevent the bleeding as the operation is 
done later and later in the cycle. Spayed animals may eventually 
bleed during theelin treatment if the administration is long continued. 
Here the renal threshold may play a part. Human experiments with 
hormones must be interpreted with caution but it should be noted that 
Werner (1932) saw M. in 4 human castrates during theelin treatment, 
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Bowman and Bender (1932) in 1 of 4 amenorrheic patients. As would 
have been expected from what we know of normal pregnancy, the 
administration of progestin inhibits the onset of M. in normal macaques 
(Corner, 1935) and in spayed animals under theelin-progestin treatment 
(Smith and Engle, 1932; Hisaw, 1935; Engle et al., 1935). Loeser 
(1933) , Wagner (1935), and especially Kaufman (1934, 1935) describe 
striking human experiments of this kind. Clauberg’s (1934) progestin 
treatment was probably not adequate as his patient bled during the use 
of this hormone. If in the castrate experiments progestin is stopped, 
theelin alone will not prevent the ensuing flow. 

If there is normally a fall in the oestrin level it can be determined 
only by quantitative determinations of oestrin in the blood where it 
was first recognized by Frank et al. (1925) and independently by Loewe 
(1925). At first Frank and Goldberger (1926) reported a premenstrual 
rise in Homo (1926, 1930) but in 1932 they state that while there is an 
increased excretion of oestrin in the urine between the 9th and 11th 
days and again between the 24th and 28th days they add: “‘No evidence 
of this change in the blood has been found in a study of some 2000 
patients.”” The determinations in Homo have all been made with 1 
or at most 2 mice (Hirsch, 1928; Siebke, 1929; Wildebush and McClen- 
don, 1929; Frank and Goldberger, 1929; Spencer, 1930; Ford and 
Mueller, 1932). These determinations cannot be regarded as adequate 
in the light of the work of Coward and Burn (1927) and D’Amour and 
Gustavson (1930) who show that when threshold values are being 
determined, the errors with even 100 test animals may be considerable. 
The former observers find that individual spayed rats may vary by 
as much as 1000 per cent in susceptibility to oestrin and the same 
animal may vary from time to time. It may be that the intravaginal 
method of Lyons and Templeton (1936) will make adequate assays of 
blood oestrin possible with the small amount of blood available.’ Since 
there is no proof that the oestrin experiments are really specific in 
producing M., then even if there is an immediately premenstrual fall ~ 
in blood oestrin we have no reason to go farther at present than to 
say it is associated with the onset of M., i.e., it may be an expression 
of the same conditions which bring about the characteristic vascular 
changes (Cannon, 1935). 

There are so many unknown factors concerned in the excretion of 
substances which give the Allen-Doisy test that the interpretation of 
the cyclic changes in urinary “oestrin’’ can hardly be evaluated at 
present (Smith and Smith, 1932; Frank, Goldberger and Spielman, 
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1932; Siebke, 1933; Zondek and Euler, 1934; Hartman, 1936). It is 
well to remember that some “‘oestrin” can still be identified in the urine, 
both in men and women, months and even years after removal of 
both gonads (Eng, 1935). ; 

_ Hypophyseal activities. Since the ‘follicular apparatus’’ of the ovary 
is activated by the anterior lobe of the hypophysis (see reviews by 
Smith, 1932; Engle, 1932; Engle, Smith and Shelesnyak, 1935; Zondek, 
1935) it is natural to look to this organ for the initiation of M. as 
Hofbauer pointed out in 1924. The fact that spaying stops further 
M. when not followed by ovarian therapy, does not necessarily militate 
against this idea because the vascular system of the uterine mucosa 
undergoes extensive atrophy under these conditions in the course of 2 
to 4 weeks (Markee, 1929, 1932) and the susceptibility of the spiral 
arteries may well be greatly reduced even sooner. However there is 
as yet no evidence that the hypophysis produces a vasoconstrictor 
that might be responsible for the essential physiologic feature, i.e., the 
premenstrual ischemia. The data of Hartman, Firor and Geiling 
(1930) are not adequate to establish the active réle of the hypophysis 
(Saiki, 1932; Corner, 1932; Engle et al., 1935). Smith, Tyndale and 
Engle (1936) find that M., typical at least clinically, can be produced 
- after removal of most of the hypophysis, but as Atwell pointed out 
(discussion Am. Assoc. Anatomists, 1936) the pars tuberalis was still 
present in their animals. In this connection attention may be called 
to the observations of Labhardt and Hiissy (1922) who describe a vaso- 
constrictor effect of human blood serum removed premenstrually, of 
de Lisi (1935) on a premenstrual adrenalemia, and of Markee (1932) 
on the effect of fright in the rabbit upon the blush and blanch phenom- 
enon in the uterine mucosa. 

In reading the descriptions of experiments with endocrines, one is 
often reminded of other physiologic studies in which the problem has 
been clearly formulated and the procedures meticulously carried out, 
but the interpretations were vitiated by the operation of factors unsus- 
pected at the time the experiments were made. If an observer may 
venture an opinion I would suggest that if we are to progress in our 
understanding of M. we need detailed studies on the physiology of the 
uterine vascular system instead of more experiments on the effects of 
extirpations and implantations of endocrine glands and injections 
of extracts or hormones. 
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PATHOLOGICAL PHYSIOLOGY OF THE PROSTATE 


W. G. MacCALLUM 
Johns Hopkins Hospital, Baltimore, Md. 


The following review of the literature concerns the normal and some 
of the abnormal relations of the prostate. Its chief interest lies in the 
recent studies of the influence of the whole endocrinal system of the 
body upon this structure, part as it is of the male genital complex. 

In order to approach the subject, however, the anatomy of the 
prostate in its relations with the other parts of the genital apparatus 
must be reviewed and this proves most difficult since in all the well- 
known textbooks of anatomy such as Henle, Kélliker, Gray, Cunning- 
ham, Quain, Rauber-Kopsch, Testut, Eberth in Bardeleben’s Hand- 
buch, Stieve in Mollendorf’s Handbuch, Braus, etc., the descriptions 
are quite vague with no particular improvement on the early descrip- 
tion of Henle. Further, even in the more modern papers, there is great 
confusion in the use of terms such as anterior, posterior, outer, forward 
and backward, which lead one to think that at times the author thought 
of the dissected body as standing erect, at other times as lying on its 
back. It would seem preferable, beginning with the bladder and 
taking the urethra as an axial line, to use only four words, dorsal, 
ventral, proximal and distal. These with only such additions as median 
or lateral would describe without such confusion all parts of the prostate — 
and will be used here. The most interesting and instructive papers 
upon the anatomical relations within the prostate are those of Tandler 
and Zuckerkandl, Adrion, Loeschke and Ribbert. Tandler and Zuck- 
erkandl in 1911 described the dorsal surface with its grooves into which 
the ductuli deferentes sink to penetrate to the colliculus. Between 
these, proximal to the colliculus and dorsal to the urethra is the median 
or tertiary lobe (Home’s lobe). Distal between the lateral lobes on 
the dorsal side of the prostate is the wedge-shaped lobus posterior. 
In sagittal section the urethra is convex dorsally so that the dorsal 
urethral wall is divided into two parts proximal and distal from the 
opening of the ductuli deferentes or ejaculatory ducts as they then 
become after union with the ducts of the seminal vesicles. The proxi- 
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mal part of the urethra receives the ducts of the mid lobe while the 
distal part is in contact with the lobus posterior. On the ventral 
surface over the colliculus there is the anterior lobe, which may be 
very small. The median lobe is separated from the lateral lobes by a 
thick layer of smooth muscle fibres. 

On both sides of the colliculus open the ducts of the lateral lobes, on 
the ventral urethral wall open the few ducts of the anterior lobe, while 
on the dorsal wall near the colliculus are the ducts of the lobus pos-. 
terior. They point out the fact that it is in the median lobe that 
hypertrophy of the prostate occurs while the posterior and lateral lobes 
atrophy. 

Adrion and Loeschke distinguish minute slightly branched peri- 
urethral glands which open on all sides of the urethra, from a separate 
well characterized mass of glands inside a thick arched layer of smooth 
muscle, connective tissue, and elastic fibres. This median lobe proxi- 
mal from the colliculus sends its ducts into the urethra separately from 
those of the lateral lobes. It is from this mass that the adenomatous 
enlargements arise and not from the lateral lobes. Adrion thought the 
muscle continuous with that of the bladder and illustrates the exten- 
sion of the hypertrophic nodule through the muscle to project as a 
valve-like mass, within the bladder and overhanging the urethral orifice. 
Albarran, however, regards such masses as derived from another set 
of glands which he described as subcervical, separate from the median 
lobe and intimately related with the sphincter of the bladder. In his 
excellent paper with Motz he carefully distinguishes these glands 
from a median lobe. Ribbert recognized also as the mid lobe a group 
of glands separate from the lateral lobes, which together with some 
dorsal suburethral accessory glands give rise to the prostatic hyper- 
trophy which never involves the other lobes although carcinomata 
may arise from the lower urethral prostate (the median, dorsal, distal 
portion). 

‘ Lowsley has made most detailed studies of the anatomy and develop- 
ment of the prostate and finds that it consists of five distinct lobes ~ 
which he names median, two lateral, posterior and anterior. In addi- 
tion, there are short periurethral glands distributed along the urethra 
and opening at many points, the subcervical urethral glands of Albarran 
and certain trigonal glands. Of these the median lobe, the glands of 
Albarran, and rarely the submucosal trigonal glands may become en- 
larged into tumor-like masses and producing mechanical obstructions, 
constitute the hypertrophy of the prostate. The median lobe em- 
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bedded in the smooth muscle and elastic tissue lies proximal from the 
colliculus and dorsal from the urethra between the converging ejacula- 
tory ducts and bounded on each side by the lateral lobes. The ducts 
open on the sides of the verumontanum quite separate from those of 
the lateral lobes. The posterior lobe which is wedge-shaped, its broader 
part being most distal, spreads out dorsal to the urethra and between 
the lateral lobes. Its ducts open distal to the ejaculatory ducts. Quite 
well limited from the lateral lobes in most cases, it is in this lobe that 
carcinoma arises although it plays no part in hypertrophy. 

The lateral lobes form the largest part and their ducts enter the 
urethra near the orifices of the ejaculatory ducts on the sides of the 
verumontanum. ‘The ventral or anterior lobe is small and relatively 
unimportant. It is of interest that the ducts from the various lobes 
which open into the prostatic urethra are very numerous as shown by 
Lowsley numbering more than fifty in most cases. Albarran’s glands 
which are quite distinct and not surrounded by muscular and connective 
tissue envelops as are the prostatic tubules, lie within the sphincter 
between the vesical orifice and the upper end of the verumontanum. 
Their hypertrophy is supposed to give rise to the mass sometimes found 
projecting into the bladder at or above the vesical orifice, a condition 
particularly apt to cause urethral obstruction. The subtrigonal glands 
in the mucosa of the bladder may in rare instances produce peduncu- 
lated growths with similar effect.’ 

This attempt to interpret the long and somewhat contradictory 
descriptions of various authors veiled in a multitude of descriptive 
terms at least shows that the prostate is made up of several parts of 
different origin and different behavior. It seems unfortunate that up 
to the present no methods have been devised, by staining or otherwise, 
which might allow their immediate distinction histologically. So far 
they have been recognized chiefly by reconstruction of serial sections 
or by a similar study of early developmental stages. 

As to their different functions practically nothing is known, but that 
they differ in function and biological significance will become evident 
in considering their fate in disturbances of the endocrine organization 
of the body. 

Only the most tentative suggestions are offered as to the functional 
significance of the prostate and these are chiefly in connection with 
the activation of spermatozoa in ejaculation.’ It is clear that the ducts 
of the seminal vesicles unite with the terminal part of the vas deferens 
to form the ejaculatory duct, although some maintain that they open 
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separately. The sperm is accumulated in the wide ampulla of the 
proximal part of the vas deferens and upon ejaculation is mixed at 
once with the contents of the seminal vesicles and the secretion of the 
prostate. It is thought by some authors that spermatozoa do not 
enter the seminal vesicles so that the name is misleading. Others, 
however, feel that they are stored there until ejaculation. It is hard 
to tell how constant this is but at least, in sections from some autopsies, 
we have found abundant spermatozoa in the seminal vesicles as well 
as in the ejaculatory ducts. At any rate the content of the seminal 
vesicles and the secretion of the prostate are poured out with the semen 
at ejaculation and it is generally agreed that the effect is to dilute the 
thick glutinous content of the ejaculatory ducts, separate the sperma- 
tozoa and especially to stir them to motility. Walker showed that in 
the epididymis or in the vas deferens, the spermatozoa are practically 
non-motile but that dilution with salt solution at once sets them free 
to be motile. The prostatic secretion acts just as rapidly when added 
to the thick semen but its effect is far more lasting than that of salt 
solution so that it apparently has more than a mere mechanical influ- 
ence in separating and setting free the spermatozoa. It is interesting 
that in rodents Walker has recognized in connection with the seminal 
vesicle, a gland which produces an active coagulating effect upon the 
semen so that a plug is formed at the cervix when in the female to be 
fertilized. Exactly how the spermatozoa are later set free is not clear. 

\Apart, then, from this function of conferring motility upon the 
spermatozoa and prolonging it, little is known of the prostatic function. 
Of course, as in the case of the periurethral glands, a secretion which 
moistens and lubricates the urethra may be important. Nothing more 
clear than this is known of the function of the secretion of the seminai 
vesicles except that their fluid contents are also mixed with the ejacu- 
lated semen. ‘\ 

The relation of the prostate as a secondary sex organ to the testis is 
of course well known and the atrophy of prostate and seminal vesicles 
upon castration has been recorded abundantly although as far as can 
be learned, no accurate study of the effect of castration upon each of 
the types of glands which make up the five lobes of the prostate or the 
accessory periurethral, subcervical or trigonal glands has been carried 
out.’ This would be important in determining the different nature and 
relations of these glands, especially in their response tothe internal 
secretion of the testis, since, as may be said in advance, the injection 
of such an internal secretion will restore the prostate to its normal size. 
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Ligation of the vasa deferentia produces no such atrophy of the 
prostate although it influences the seminiferous tubules directly. In 
very young animals spermatogenesis may go on for a time but dis~ 
appears in time leaving only the Sertoli cells, and these as shown in 
the excellent description of Hanes become distended with fat globules 
which are apparently normally introduced gradually into the adherent 
spermatids. The interstitial cells of Leydig remain unaltered. The 
same is true of those cryptorchids whose undescended testes still lie 
within the abdominal cavity, where, apparently owing to the high 
temperature of the interior of the body as compared with that of the 
_ serotum, the seminiferous tubules fail to develop although the Sertoli 
cells remain distended with fat and the cells of Leydig are normal. 
When one testis is removed a compensatory increase in the Leydig cells 
occurs in the other as is especially well seen in the contrast between 
an undescended testis from an animal in which the other testis has 
been removed and from an animal in which both testes remain un- 
descended. (Hanes, figs. 12 and 13.) , 
‘ Various authors have described the effects of x-ray injury to the 
testis (Simmonds, Herxheimer and Hoffman, Witschi, Mottram and 
Cramer and more recently Johnston) and find that while spermato- 
genesis is obliterated, the Sertoli cells and the interstitial cells of Leydig 
remain intact and in such cases, the secondary sex organs, prostate and 
seminal vesicles are unchanged and the whole attitude of the individual 
remains normal and is not that of the castrate or eunuch. In view 
of these results which show clearly that the persistence of the inter- 
stitial cells of Leydig together with somewhat altered fat-laden Sertoli 
cells is quite adequate to maintain the normal condition of the prostate 
and other secondary sex organs as well as the general male character 
of the individual, the question arises as to what cells are responsible 
for the production of the secretion which is essential. 

While the more recent literature without the slightest hesitation 
accepts the Leydig cells as the source of the male hormone, it must 
be recalled that Hanes found the Sertoli cells constantly present in the 
atrophied testis and loaded with lipoid material and was unable to reach 
an absolute decision as to which of the two is the hormone secreting 
cell. But since compensatory hypertrophy occurs in the Leydig cells 
when one testis has been removed and not in the Sertoli cells which, 
therefore, seem to take no part in the production of an internal secre- 
tion, he agrees that the Leydig cells probably produce this secretion. 
It may, however, be suggested at this point that the male hormone 
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is extracted from the testis for experimental and chemical studies by 
lipoid solvents. 

The dominant power of the hypophysis over the generative organs 
has been well established and the details worked out more minutely in 
the female than in the male. It is known that the anterior lobe of 
the hypophysis produces gonad stimulating or gonadotropic hormones 
which reach the ovary and in definite sequence produce characteristic 
effects. Two distinct gonadotropic hormones are well recognized 
since the work of Zondek and Ascheim, Smith and Engle, Evans and 
Simpson, and Wallen Lawrence and others—the first stirring the matu- 
ration of the ovarian follicle and its germ cell. This growth and final 
rupture of the follicle produces theelin which so acts upon the uterine 
mucosa as to prepare it in a certain sense for the reception of the ovum. 
Then in obligatory sequence the hypophysis puts out its second gonado- 
tropic hormone which causes the growth of the remains of the follicle 
producing the mass of large cells known as the corpus luteum. The 
-progestin secreted by this tissue causes great new growth about the 
fertilized ovum, decidua and placenta formation. The question re- 
mains as to the mechanism by which the order of production of these 
two hormones is maintained. Theelin persists and is concerned with 
the hyperplasia of the mammary gland preparatory to lactation and 
in the urine something very closely resembling the second gonado- 
tropic hormone is excreted together with theelin. But it is perhaps 
possible that the excess of theelin reciprocally stirs the hypophysis to 
the outpouring of the second gonadotropic hormone which causes 
luteinization. From this it seems clear that the first gonad stimulating 
hormone is essentially one which promotes the development of the 
germinal epithelium while the second is more intimately related with 
changes in the accessory sex structures. 

‘In the male, the relations are not so clearly known. That gonado- 
tropic influence from the hypophysis is controlling, is evident from the 
fact that hypophysectomy results in the atrophy of testes, prostate, 
seminal vesicles, etc. (Smith and Engle). Implants of hypophyseal 
tissue completely restore their normal condition (Evans and Simpson). 

‘Smith and Engle have shown by experiment the influence of the an- 
terior hypophysis in stirring the growth of the genital organs even in 
immature animals and in maintaining the normal form and activity 
in the adult. They find that the extract of the urine of castrate ani- 
mals gives on injection, pure follicular growth or in hypophysectomized 
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males a vigorous formation of spermatozoa without change in the inter- 
stitial cells or in the accessory reproductive organs. Evans and Simp- 
son report the same effect from an extract of castrate hypophysis. 
This extract apparently identical with that from castrate urine which 
stimulates predominantly the germ cells they speak of as a gameto- 
kinetic principle. This is only one step in the effort at explaining the 
influence of the hypophysis and is reached through the observation 
that castration results in extraordinary changes in the anterior hy- 
pophysis which cause its enlargement through increase in the number 
of basophilic cells which become swollen and vacuolated. 

This results in the production of an excess of the secretion of a 
gonadotropic hormone which appears in the blood and in the urine 
in great quantity. Its function as just stated is to stimulate the multi- 
plication and maturation of the germinal epithelium in the male and 
to stir follicle growth and theelin formation in the female, but it does 
not affect the interstitial cells in the testes nor the accessory sex organs. 
Injection of theelin or of a watery extract of the germinal epithelium 
of the testes will stop its production and cause the regression of the 
hypophysis to a normal state. It is thus evidence of the reciprocal 
action between the germinal epithelium of the gonad and the source 
of the stimulating hormone of the hypophysis. ’ It is important to note 
that none of the various lipoid extracts and purified products from the 
testes such as androsterone and testosterone will stop the hypertrophy 
of the basophilic cells of the hypophysis and the production of the 
gonad stimulating hormone. 

On the other hand, in animals in which the vasa deferentia have been 
ligated, in those in which the germinal epithelium has been destroyed 
by exposure to x-ray or radium and in ecryptorchids in all of which 
the Leydig cells persist unchanged in spite of the loss of the germinal 
epithelium, the hypertrophy of the basophile cells of the hypophysis 
and over-production of the gametokinetic hormone occurs and persists. 
It is, therefore, surely due to the absence of the spermatogenic cell 
activity. 

Since it is clear from the work of Smith and Engle and others that 
extirpation of the hypophysis produces atrophy of the testes including 
the interstitial cells of Leydig and of the prostate and other secondary 
sexual organs, it is quite evident that some second mechanism controlled 
by the hypophysis is arranged for their support. Smith.and Engle have 
shown that the injection of an extract of the urine of pregnant females 
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into hypophysectomized males in which the testes and accessory sex 
organs had atrophied causes the hypertrophy of the interstitial cells of 
the testis and of the accessory sex organs. This seems to be the first 
suggestion and proof of the possibility of influencing the growth of the 
male sex organs by the gonad stimulating hormone from the female. 

It has been found necessary to examine into the internal secretion 
of the testis to learn of the substance which maintains these secondary 
organs intact. That there is such a secretion was first demonstrated 
by Berthold in 1849, who implanted testicular tissue in cocks which had 
been deprived of their testes and thereby maintained their normal male 
characteristics. Moore in similar experiments on rats realized that the 
Leydig cells are important, and the power of a male hormone to control 
the maintenance of the prostate has been shown by many, especially 
by Moore and his associates who could restore the-prostate atrophied 
after castration by such injections. 

McCullagh and Walsh, Zuckerman and Parkes, Callow and Deanes- 
ley, Niehans, Lower and others report great increase in the size of the 
prostate and seminal vesicles in castrated animals upon the injection 
of a hormone extracted from the testes. 

McGee was the first to succeed in making a lipoid extract of the testes 
and following this Moore and McGee made various extracts by the use 
of lipoid solvents and these have been purified and synthesized so that 
many different but closely related substances are available as testis 
hormones. Butenandt, Ruzicka, Laqueur and others have analyzed 
and purified the active male hormone and have been able to give pre- 
cise structural formulae for several related types and also for the oestro- 
genic female principle, theelin. They have even synthesized these 
substances beginning with cholesterol or related sterins. It is impossi- 
ble here to enter into these chemical results which are discussed espe- 
cially by Butenandt and summarized in a brief report of the Council on 
Pharmacy and Chemistry in the Journal of the American Medical 
Association. Androsterone of Butenandt obtained from male urine 
and Testosterone obtained by David, Dingemanse, Freud, Laqueur 
from testis tissue seem to be the most characteristic of all, the first 
androsterone with a formula of Cis, Ho, O2 while testosterone is Cig, 
H3s, Oc. Butenandt describes androsterone as a saturated tetracyclic 
oxyketone, while theelin which has been similarly studied, is a triply 
unsaturated tetracyclic oxyketone which might be produced from 
androsterone by removal of hydrogen and separation of a carbon atom./ 
The structural formulae given by Butenandt are as follows: 
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Follicle hormone, C:sH22.02 


Androsterone, CisH02 


OH CH:| CH: 
H 


‘From the corpus luteum hormone progestin, a closely related sub- 
stance also an oxyketone has been separated. 

Various tests for the validity of such hormones have been devised 
especially by Moore and associates. A great many studies of the effect 
of the purified or synthesized testis hormone upon the prostate and 
other accessory genital structures have been made and practically all 
agree that they are capable of restoring to normal the prostate and 
seminal vesicles of animals in which these structures have atrophied 
following castration or hypophysectomy. The hormone then may be 
regarded as the final agent in the maintenance of normal structure and 
function of the prostate although the cells which produce it are con- 
trolled by the hypophysis. There is the same agreement that the pure 
testis hormone has no influence in arresting the hyperplasia of the 
basophile cells of the anterior hypophysis with their excessive output of 
the gamete stimulating hormone. 
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It seems, therefore, that it may be suggested at this point that we 
may draw a parallel between the conditions in the female and the male. 
Since in the female the first gonadotropic hormone stirs the develop- 
ment of the germinal cells and the production of theelin while a second 
gonadotropic hormone from the hypophysis is not gametokinetic but 
stirs luteinization and the production of progestin, it seems probable 
that in the male also there are two distinct gonadotropic hormones 
from the hypophysis appearing as in the female in obligatory sequence, 
the first concerned with the stimulation of gametogenesis while the sec- 
ond acts upon the interstitial cells of Leydig to produce the male sex 
hormone which, somewhat analogous to progestin, controls the growth 
and maintenance of the secondary sex organs. This would explain 
various facts, that either theelin or a watery extract of the seminiferous 
epithelium will stop the hyperplasia of the hypophysis in castrates 
and the over production of its gametokinetic hormone while andro- 
sterone and other testicular sex hormones will not. It would explain 
the formation of this testicular sex hormone which depends in some 
way upon the stimulation from the hypophysis but is not the result of 
that gonadotropic hormone which is so abundantly produced when the 
animal is castrated and is not evidently related to it since it will not 
prevent its formation or restore the cells of the anterior lobe of the 
hypophysis to their normal state as the watery extract of the germinal 
epithelium does. 

Nothing appears in the literature as to the existence of such a second 
gonadotropic hormone in the male and nothing is said of a possible 
luteinizing hormone in the blood of castrates, but it still seems probable 
that search might reveal these things, possibly in small amounts and 
acting only after long continued dosage. The idea is supported strongly 
it seems by the work of Martins and Rocha and of Lower who united in 
parabiosis castrate males with normal males and found that in course 
of time there was great hypertrophy of the prostate of the normal 
male. It is difficult to understand why in such a case the prostate of 
the castrate partner should not undergo some enlargement from the 
sex hormone stirred in the testis of the normal partner. 

Briefly summarized the great amount of experimental work which 
has been carried out on the relation of the prostate to the testis and to 
the hypophysis is as follows: _ 

Removal of the hypophysis causes atrophy of testis and prostate 
(Smith 19, 21; Smith and Engle) which can be restored by implants or 


q 
q 
* 
7 
* 
p 
q 


PATHOLOGICAL PHYSIOLOGY OF THE PROSTATE 83 


extracts of the hypophysis (Engle; Smith and Engle; Neumann; Evans 
and Simpson). 

Removal of testes causes great changes in the anterior hypophysis 
with the appearance of castrate cells and the secretion of great quanti- 
ties of gamete stimulating hormone (Evans and Simpson, Engle, Sever- 
inghaus, Martins and Rocha, Zacherl, Addison, Nelson and Gallagher, 
v. Wagenen, Fichera, Ellison and Wolfe). 

This change which consists in increase and swelling with vacuolation 
of the basophiles can be reversed and the hypophysis restored to normal 
by injection of theelin (oestrin, progynon, etc.) or of watery extract of 
the seminiferous epithelium of the testis but not by the male sex 
hormone or synthetic testicular hormone (Crooke and Korenchevsky, 
Martins and Rocha, Nelson, McCullagh, Lehmann, Hohlweg and 
Dohrn, Meyer, Leonard, Hisaw, Martin). Clauberg and Breipohl also 
state that injection of luteohormone will restore the hypophysis. The 
exact origin of this second gonadotropic hormone from the hypophysis 
is not clear and it might be suggested that the large, slightly eosinophile 
pregnancy cells of Erdheim and Stumme produce it since they appear 
at that time and the origin of the first gonad stimulating hormone 
seems to be clearly shown to be from swollen basophile cells. If this be 
so, it might be possible, if there is really a second gonadotropic hormone 
produced by the hypophysis in the male, to find some evidence of the 
presence of cells in the hypophysis resembling those in the hypophysis 
of the pregnant in the progestin producing stage, which while restrained 
in normal conditions of the testis might become more active in later 
years when the seminiferous tubules are atrophic and play a major 
réle in stimulating the Leydig cells to produce the sex hormone which — 
causes the enlargement of the prostate. 

The effect of oestrin or theelin in restoring the hypophysis of the 
castrate to normal is equally well shown in cryptorchids or in males 
in which atrophy of the seminiferous tubules has been produced in 
other ways (Nelson, Engle, Evans and Simpson, Lower, Engel and 
McCullagh, v. Wagenen). 

Several authors have observed the occurrence of oestrin or theelin 
in the urine of males even in old age (Oesterreicher, Laqueur). How 
and where it is produced is not known and the question might arise 
as to whether this is really identical with theelin produced in the — 
female or a secretion of the germinal epithelium of the tubules since at 
least they have in common the power of halting the excessive activity 
of the hypophysis in castrates. 
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Interest has arisen in the effect of theelin (oestrin, folliculin, men- 
formon) upon the prostate and seminal vesicles and a great literature 
has arisen from these experimental studies. Lacassagne, Moore and 
Price, Zuckerman and Parkes, De Jongh and others have studied the 
effect of injection of theelin in animals and in general they found that 
it causes metaplasia and keratinization of the epithelium of the utricle 
in the prostate, some enlargement of the prostate especially affecting the 
stroma and not the glands and some increase in the size of the seminal 
vesicles. As to the testis the results vary, some (Moore and Price) 
finding it damaged with atrophy of the prostate from suppression of the 
hypophyseal gonadotrope, while others find it enlarged with increased 

Leydig cells. Its effects are neutralized by injections of the male sex 
hormone although injections of progestin in the doses used by Parkes 
and Zuckerman did not inhibit the effect. 

From the enlargement of the prostate and the proliferation and 
keratinization of the epithelium especially in the utricle, it has been 
questioned whether the theelin which lasts longer than the male sex 
hormone in old men may be concerned with hypertrophy of the prostate 
or even with the development of cancer there. This suggestion is per- 
haps especially to be considered in view of the work of De Jongh, 
Lacassagne, Burrows and Kennaway who have produced cancerous 
growths and point out the similarity in chemical structure with carci- 
nogenic agents recently isolated from tar, etc. The recent analyses 
of myomata, lipomata, etc., by D. Lewis and Geschickter are also in- 
teresting in this connection. 

Metaplastic changes in the prostate are quite frequent, with the 
production of squamous epithelial masses (Grassmann, Tietze, Krom- 
pecher, Kasman and Gold, Lacassagne, Neller and Neuburger, Rich) 
and although these are most frequently seen as changes in the epithelial 
form and arrangement in the posterior lobe of the prostate without 
having caused any symptoms to call attention to them before the man’s 
death from some other cause, they can of course develop into most 
destructive carcinomata which metastasize widely, especially to the 
bones. 

’ The most interesting questions with regard to the pathological 
physiology of the prostate arise in connection with the prevalent pro- 
static hypertrophy which has for so long been treated by surgical meth- 
ods. The nature of this overgrowth requires for its complete under- 
standing a more precise knowledge of the functions of the various 
glands which go to make up the mass of the prostate but so far this 
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knowledge is very incomplete.’ No information can be gained from the 
literature as to which glands are especially atrophied in castrate or 
hypophysectomized animals, although such atrophy should throw light 
upon the condition found in hypertrophy where it is agreed that all 
parts are not subject to the enlargement. 

It has been pointed out that most students of the subject (Tandler 
and Zuckerkandl, Adrion, Loeschke, Ribbert, Albarran and Motz, 
Motz and Perearnu) are fairly in agreement that hypertrophy affects 
essentially the proximal median lobe, and in many cases the subcervical 
glands of Albarran while the posterior (or distal dorsal) lobe, the lateral 
lobes and the anterior or ventral lobes are not involved but are rather 
compressed into a capsule. Engel feels that hypertrophy may affect 
the lateral or even the anterior lobes and quotes Randall who similarly 
describes involvement of any or all of the lobes in various combina- 
tions. 

As to the nature of the enlargement, there have been several ideas 
which are reviewed by Adrion. Virchow, Rokitansky, Runge, Aschoff, 
Jores, Ribbert, Grassman and others felt that these masses were tumors 
in the ordinary sense, adenomata, fibroadenomata or fibromyomata. 
Reischauer described them as fibroepithelial tumors and felt that they 
were related to the myomata of the uterus which is an interesting idea 
from another point of view. The presence of smooth muscle fibres 
among the proliferated glandular elements has been thought to argue 
strongly against their being tumors. Others, Pomeroy, Ciechanowski, 
Rothschild, thought the enlargement the result of infection usually 
gonorrheal. Still others, such as Guyon, and Launois, Kausch, 
Loeschke and Adrion felt that arteriosclerosis interfering with the blood 
supply of the outer part and favoring that of the interior of the pro- 
state might be responsible for the excessive growth in the interior. 

More recently as has been evident from the description already given 
of the many experimental studies of the endocrine relations, it has been 
very generally agreed that prostatic hypertrophy is the result of a dis- 
turbance in the balance of hormone control. All the experiments 
point clearly to the now well recognized fact that in the lack of hypo- 
physeal influence, the prostate atrophies and that this lack is most com- 
monly seen when the testes have been removed so that it is clear that 
the hypophysis acts by way of the testes. The result of its action upon 
the testis is the production of the lipoid soluble male hormone now 
isolated and synthesized in so many modifications all capable of main- 
taining or in excess causing the hypertrophy of the prostate. Most 
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difficult of explanation is the balance between the hypophysis and the 
testis which is shown to involve another mechanism, the control and 
stimulation of the spermatogenic elements which is continuous. If it 
is interrupted the hypophysis pours into the blood and urine an excess 
of the controlling secretion. 

It is at this point that Lower and his associates, McCullagh, Walsh 
and others have put forward the idea based on abundant experimental 
work that in such a crisis, with the lack of the spermatogenic elements 
to be influenced by the hypophysis and the consequent outpouring 
of the excess of the gametokinetic gonadotropic hormone from the 
hypophysis, there is also an excessive stirring of the interstitial cells to 
produce the sex hormone which as has been shown by many authors to 
be capable of causing great enlargement of the prostate. Since the 
injection of a watery extract of the testis which is supposed to come 
from the germinal epithelium will stop the production of the excess 
of the gametokinetic principle and restore the hypophysis to its 
normal appearance (just as injection of theelin will do) they speak of the 
watery extract as inhibin or more recently contruin and recommend its 
use in cases of prostatic hypertrophy. Symptoms are said to be 
relieved although no change in the size of the prostate is produced. 
It seems natural that while the cessation of stimulation by way of 
the sex hormone should stop the progress of prostatic hypertrophy, 
it could not be expected to decrease in size the mass already formed 
there. 

McCullagh in writing of this speaks of the male sex hormone androtin 
as comparable with theelin but since the androtin has not the power 
of cutting short the excessive secretion of the hypophysis, it seems bet- 
ter to think of the watery extract of the germinal epithelium which has 
that power as analogous with theelin. But while the inhibin or con- 
truin from the watery extract of the testes restores the hypophysis to 
quiescence and stops or greatly diminishes the production of the gameto- 
kinetic gonadotropic hormone, it seems that this quiescence must also 
stop the production of a second and different gonadotropic hormone 
which, like that which stirs the formation of the corpus luteum in the 
female with the production of progestin, stirs the interstitial cells of 
Leydig to produce the lipoid soluble male sex hormone which causes 
the hypertrophy of the prostate. 

It would seem most important to search for and recognize such a 
second gonadotropic hormone comparable with the luteinizing go- 
nadotropic of the female, and a matter of interest also to observe any 
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‘evidences of its formation in the cells of the hypophysis in cases of 
prostatic hypertrophy.! 
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If this is so its unrestrained action would more readily explain the hypertrophy 
of the prostate. 
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BIOCHEMISTRY OF MALIGNANT TISSUES 


CARL VOEGTLIN 
National Institute of Health, U. S. Public Health Service 


Neoplasms arise from the transformation of normal into malignant 
cells, and the peculiar biological behavior of malignant tumors must be 
attributed therefore to these new types of cells. Lewis (1935) considers 
malignant cells as “permanently altered cells” which, judged by his 
cytological criteria, breed true indefinitely in vivo and in vitro. In the 
final analysis the biochemistry of malignant tissues is a cellular problem, 
which deals with the biochemistry of normal and malignant cells and 
their biochemical interrelations. The complexity of this problem is 
increased, furthermore, by the occurrence of so many different types of 
malignant cells, which are derived from as many different types of 
normal cells. However, all malignant tumors have one characteristic 
in common, namely, a more or less unrestrained growth capacity within 
the animal organism. . 

An attempt will be made to review critically the progress which has 
been made in this field. Most of this knowledge has been acquired 
during the last 15 years and the accumulation of new facts has gained 
considerable momentum during the last few years. The literature is 
very large, but many contributions are of doubtful value for reasons 
which will be mentioned. 

The subject can be subdivided into four main topics: 1, carcinogene- 
sis, i.e., transformation of normal into malignant cells; 2, chemical 
composition of malignant tissues; 3, biochemical behavior of tumors; 
and 4, attempts to influence the growth rate of tumors by chemical 
means. 

CARCINOGENESIS. Clinical observations have furnished the basis 
for much of the important research on experimental carcinogenesis. 

Arsenic. The clinical occurrence of certain cancers of the skin has 
been attributed to the long continued medicinal use of Fowler’s solution. 
Leitch and Kennaway (1922) have described the production of a squa- 
mous cell carcinoma in one out of a hundred mice whose skin was painted 
daily with an alcoholic solution of potassium arsenite. This work needs 
to be repeated on a larger scale on animal strains of known spontaneous 
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cancer incidence. The alleged production of sarcoma in chickens 
inoculated with a mixture of macerated chick embryo and arsenate has 
not been confirmed by later work including unpublished work by the 
writer. 

Radioactive substances. The occurrence of superficial cancers in 
pioneer roentgenologists is well known. In view of the similarity of the 
biological action of x-rays and radioactive substances it is not surprising 
that the latter also may cause malignant tumors. The occurrence of 
osteogenic sarcoma in radium watch dial painters is of particular interest 
(Martland, 1931; Schwartz, Knowles, Britton and Thompson, 1933). 
The production of osteogenic sarcoma after intravenous injections of 
radium chloride and mesothorium in rabbits was reported by Sabin, 
Doan and Forkner (1932). According to Biltris (1933) radium element 
introduced into the liver in collodion, has given rise to sarcomas and 
carcinomas in rats, mice and guinea pigs. The carcinogenic action of 
colloidal thorium dioxide in white rats was demonstrated by Roussy, 
Oberling and Guerin (1934). This finding raises the question whether 
the indiscriminate clinical use of this substance (thorotrast) is not 
without danger. 

Anilin dyes. The occurrence and etiology of cancer of the urinary 
bladder in workers in dye factories has been reviewed by Berenblum 
(1932), and Hueper (1934, 1935). So far it has not been possible to 
reproduce this disease in animals by the use of chemicals employed in 
the manufacture of dyes. However, it is significant that Yoshida 
(1932), Sasaki and Yoshida (1935) and Miura (1935) produced hepa- 
tomas by adding 2-amino-5-azotoluene (see XII, fig. 1) to the diet of 
white rats. These tumors are transplantable (likubo, 1935). P-amino- 
azotoluene and p-amino-azobenzene are practically inert. 

Hydrocarbons. The association of chronic irritation of the skin, 
produced by certain coal tars, and skin cancer has been known for a 
long time, but it remained for Yamagiwa and Ichikawa (1915) to produce 
tar cancer in animals. The subsequent literature on this subject is 
reviewed by Woglom (1926) and Seelig and Cooper (1933). The 
brilliant work of the Research Institute of the London Cancer Hospital, 
under the leadership of Kennaway, then led to the chemical isolation 
from coal tar of the principal carcinogenic agent 1 ,2-benzyprene (Cook, 
Hewett and Hieger, 1933), and the synthesis of other pure carcinogenic 
aromatic hydrocarbons. More than 150 compounds have been tested 
by this group of workers, and other compounds are being added to the 
list by work in other laboratories. It is impossible, therefore, to enter 
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into a detailed discussion of this work, except to call attention to 
certain points, which seem particularly significant. In their last com- 
prehensive paper Barry et al. (1935) describe the carcinogenic activity 
of tetracyclic and pentacyclic aromatic hydrocarbons when applied, 
dissolved in benzene, to the intrascapular region of mice twice a week, 
for the production of carcinoma, and by subcutaneous injection, dis- 


Fig. 1 


solved in lard, for the production of sarcoma in rats and mice. The 
chemical structure of some of the active substances is given in the figure. 
The observations of the English workers led them to the conclusion 
that all of the active carcinogenic agents contain a phenanthrene 
nucleus (I). On this basis Cook (1933) drew attention to similarity 
of the carcinogenic agents then known to the structures of the sterols, 
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’ pile acids and sex hormones, which also possess the carbon skeleton of 
phenanthrene (VI). The chemistry of the natural products related to 
phenanthrene is contained in a recent comprehensive review by Fieser 
(1936). Evidence relating the biological action of carcinogenic hydro- 
carbons and sex hormones was put forward by Cook et al. (1934), who 
discovered that 1,2 benzyprene (III) and 5,6-cyclo-penteno-1 ,2-ben- 
zanthracene (II) are mildly estrogenic. These chemicals, therefore, 
possess the dual activity of carcinogenesis and estrogenesis. It is 
significant also that Lacassagne (1933, 1934) by the continued admin- | 
istration of large doses of theelin to male mice has produced malignant 
tumors in a mouse strain in which only the females have a high incidence 
of spontaneous mammary adenocarcinoma. This observation was con- 
firmed by Burrows (1935), Bonser (1935) and Gardner et al (1936). 
The relation of estrogenic hormones and carcinogenesis is discussed 
more fully by Loeb (1935). 

Another milestone was reached when methylcholanthrene (VI) was 
prepared from a bile acid, i.e., deoxycholic acid, and was shown to be 
the most active carcinogenic agent known (Barry et al., 1935). Both 
methylcholanthrene and cholanthrene have been synthesized by Fieser 
(1936) and were found highly active. This was confirmed by Shear 
(1936). A point, which needs to be stressed here parenthetically, is the | 
importance of testing compounds of the highest purity. Bottomly and 
Twort (1934), for instance, claimed that chrysene was carcinogenic. | 
However, Barry and Cook (1934) and Schiirch and Winterstein (1935) 
were unable to confirm this by using the highly purified substance and 
suggest that the alleged activity of commercial chrysene is due to its | 
content in 1,2 benzcarbazol. 

Relatively slight changes in chemical structure sometimes have a 
very great effect on carcinogenic activity. For example, the introduc- 
tion of a CH; group into 1,2 benzyprene apparently results in loss of 
action (Schiirch and Winterstein, 1935), whereas methylation in the 5 
or 6 position of 1,2 benzanthracene greatly increases activity. Such ) 
observations are familiar to pharmacologists, who have studied the 
relation between chemical structure and biological action. In only rare 
cases is it possible to furnish a partially satisfactory explanation for the , 
change in pharmacological action which results from chemical substi- 
tution. 

Contrary to the previous view recent work has shown that the | 
phenanthrene nucleus is not an essential component of carcinogenic 
agents. Thus Barry et al. (1935) discovered that 1,2,5,6-diben- 


4 
{ 
i 
i 
- 


96 CARL VOEGTLIN 


zacridine (VIII) and 3,4,5,6-dibenzacridine (IX) produce tumors, 
though with these substances the latent period is longer than with the 
more active compounds. However, Morton, Clapp and Branch (1936) 
have produced malignant tumors with symmetrical triphenylbenzene (X) 
and tetraphenylmethane (XI). These two compounds also have a 
relatively low activity and the work should be repeated on a larger 
scale with highly purified material, and the transplantability of such 
tumors should be demonstrated. 

A beginning has been made in the study of the removal of diben- 
zanthracene from the site of injection. Chalmers (1934) points out 
that the substance, when injected in fat into the breast muscle of 
chickens, is recovered in decreasing amounts with increasing time after 
administration. The substance was estimated by its ultraviolet ab- 
sorption spectrum. Lorenz and Shear (1936) have improved the 
spectrometric determination of dibenzanthracene in tumors, so that 
about 0.01 mgm. per cubic centimeter of purified extract can be readily 
identified. Primary tumors produced by a solution in Jard were found to 
contain the substance, whereas negative values were obtained after the 
5th and 6th transplantation of the primary tumor. 

It should be noted that the carcinogenic hydrocarbons tested by 
Kennaway and his associates are practically insoluble in water and 
therefore the tumors arise as a rule in the tissue to which the substance 
is applied. Barry et al. (1935) report the production of six tumors, 
mostly spindle cell sarcomas, in mice after the subcutaneous injection 
of a water soluble compound, i.e., sodium salt of 1,2 ,5,6-dibenzanthra- 
cene-9 ,10-endo a, B-succinic acid. One of these tumors, on repeated 
transplantation, was accompanied by leucemia. This line of research 
has been extended (Report of International Cancer Research Founda- 
tion, 1935) and the claim is made that these tumors can be propagated 
by the injection of cell-free filtrates from macerated tumor tissue, 
“filtered in an atmosphere of nitrogen through collodion membranes 
stated to retain particles larger than 0.7 to 0.35 » in diameter.”’ Tumor 
production is again accompanied by leucemia. The detailed report of 
these experiments will be awaited with considerable interest. 

Filterable agents. Considerable work has been done on the Minihiee 
ical study of tumor producing agents, separated from certain fowl and 
duck tumors, by passing extracts through filters which apparently do 
not allow passage of tumor cells. The literature is reviewed by Claude 
and Murphy (1933) and Murphy (1935). Most attention has been 
given the Rous chicken sarcoma I with reference to the separation of 
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inactive material from the active agent. The customary methods for 
the purification and isolation of enzymes have been applied to this 
problem. The agent loses its activity at 55°C. and apparently also by 
conditions favoring oxidation, i.e., air contact, and the more positive 
oxidation-reduction indicators (Lewis and Lewis, 1932). On the con- 
trary, the activity is preserved by such reducing agents as HCN (Gye 
and Purdy, 1930). Partial purification is obtained by adsorption on 
colloids, followed by elution. Sittenfield, Johnson and Jobling (1931) 
and Murphy and Sturm (1932) found that the active agent is carried 
down in theprecipitate caused by changing the pH of the tumor filtrate 
from about 7.2 to 4. The supernatant fluid contains a substance or 
substances which inhibit the growth of the Rous sarcoma. Elford and 
Andrewes (1935), by means of diffusion experiments through graded 
collodion membranes, estimate that the “Rous agent”’ has a diameter 
of about 0.1 u or of about the same size as the larger viruses. Further 
data on the chemical properties and ultraviolet light absorption spectrum 
of purified fractions are reported by Claude (1935) and Claude and 
Rothen (1936). <A possible link between the filterable agent of the 
Rous sarcoma and chemically induced tumors in fowl is furnished by 
McIntosh (1933), who was able to transmit chemically induced chicken 
tumors by means of filtrates. On the other hand, Peacock (1935) 
obtained negative ‘results with 15 of such neoplasms, but he rightly 
leaves the question open in view of the well-known variation in activity 
of cell free filtrate of the Rous sarcoma. Negative results, therefore, 
are never conclusive evidence as to absence of a filterable agent in the 
tumor. 

The keen debate as to whether these fowl tumors are caused by living 
or non-living agents, virus or enzyme-like substance has not led to a 
clean-cut solution. Murphy believes in an inanimate substance as the 
causative factor, whereas Andrewes and others believe in the virus 
theory. It would seem that considerable biochemical work must be 
done in this difficult field before an answer to this question can be ob- 
tained. The isolation of crystalline tobacco mosaic virus protein by 
Stanley (1935) should be mentioned in this connection as an important 
result of a biochemical approach to such problems. Mention should 
also be made of recent work of Rous and Beard (1934, 1935) who pro- 
duced carcinoma in domesticated rabbits by inoculation of the Shope 
rabbit papilloma of cotton-tail rabbits. This seems to be the first 
instance of the experimental production of a malignant mammalian 
tumor by a virus. These authors discuss the significance of their 
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observations in relation to the tar tumors of rabbits and with reference 
to the etiology of cancer in general. 

' Mechanism of carcinogenesis. It will be clear from what has gone 
before that a great variety of agents are capable of inducing the trans- 
formation of normal into malignant cells. The carcinogenic action of 
some of these agents appears to be confined more or less to specific cells. 
Thus 2-amino-5-azotoluene acts apparently only on hepatic epithelium, 
and theelin on mammary epithelium. On the other hand, the most 
active hydrocarbons, i.e., 1,2,5,6-dibenzanthracene, methyl-cholan- 
threne or 1,2 benzpyrene, produce tumors in at least two cell types 
with which they are kept in contact for a long time. However, it is 
significant that very recent work seems to indicate that theelin can also 
produce sarcomata (Gardner, Smith, Strong and Allen, 1936). This 
shows that the present status of the cell specificity of carcinogenic 
agents may undergo considerable change in the future. 

It would be of great interest to secure definite evidence of carcino- 
genesis in tissue cultures, but so far attempts in this direction have been 
unsuccessful. 

On the basis of the similarity of the ring structure of the sterols, bile 
acids and sex hormones on the one hand, and of the carcinogenic hydro- 
carbons on the other hand, it was suggested by Cook and Haslewood 
(1934) that a perversion in the sterol metabolism may give rise to 
carcinogenic substances. This process would be accompanied pre- 
sumably by a dehydrogenation process of the carbon ring structure, 
since the synthetic carcinogenic hydrocarbons are aromatic compounds. 
This idea is supported by the chemical conversion in vitro of deoxycholic 
acid (V) into methylcholanthrene (IV). However, it has been im- 
possible thus far to accomplish these reactions by means of substances 
occurring as natural components of tissues. The above suggestion 
therefore lacks direct proof. 

Since chemically induced tumors appear only after a relatively 
long time—the first tumor with methyl cholanthrene appeared in 31 
days (Barry et al., 1935)—the question may be raised as to whether or 
not these agents do not undergo a chemical change within the animal 
body before they act as carcinogenic agents. These hydrocarbons are 
certainly not very reactive chemically, yet it is possible that they may 
undergo oxidation. Boyland (1933) has oxidized dibenzanthracene 
and benzpyrene by means of ultraviolet light. The oxidation products 
inhibit the action of dehydrogenating enzymes—lactic dehydrogenase—, 
whereas this inhibition is absent before irradiation. Oxidized diben- 
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zanthracene apparently inhibits respiration and glycolysis in all normal 
and malignant tissues studied (Boyland and Boyland, 1934; Pourbaix, 
1933). Lewis (1935) finds that exposure of cultures of chick embryo to 
dibenzanthracene, benzpyrene or methyl cholanthrene causes a toxic 
photosensitivity to the electric light used for their examination, as 
evidenced by inhibition of cell division and abnormality in mitosis. 

Serious difficulties are met at once in attempting to construct a unified 
theory of carcinogenesis, which would explain the action of such different 
agents, as radium, an azo dye, hydrocarbons of various kinds, di- 
benzacridine and a virus. One can of course postulate a common 
proximate cause, i.e., a metabolic disturbance, produced by all these 

agents, which will elicit the fundamental cellular change characteristic 
of cancer. This, however, is pure speculation. 

Factors influencing carcinogenesis. Working with pure strain mice with 
a known incidence of spontaneous mammary carcinoma, Strong (1934 
and 1935) has obtained evidence 1, of a reduction in the cancer rate, 
and 2, an increase in survival time of tumor animals, from the prolonged 
feeding of the animals with a diet consisting of oatmeal, meat scraps 
and milk powder, to 10 grams of which was added one drop of oil of 
gaultheria, oil of thyme, or oil of allspice. How these oils produce this 
effect is unknown. Bittner (1935) studied the tumor incidence of the 
A strain of inbred mice with reference to two different diets, i.e., the 
oatmeal diet of Strong and a commercial mixed diet—Purina Fox 
Chow—which is supposed to be complete with respect to all dietary 
components. On the latter diet the mice produced larger litters, 
showed less mortality among the offspring and a higher tumor incidence 
of mammary and lung tumors. This result is attributed to the better 
physical condition, enabling the animals to live to or beyond the average 
cancer age. 

Suggestive evidence has been obtained of an increased or decreased 
incidence of tar cancer of the skin of mice by feeding various animal 
organs. According to Watson (1933) and Maisin and Pourbaix (1935) 
liver feeding promotes the growth of cancer, as does pancreas, and 
intestinal mucosa; whereas brain, thymus, bone marrow, gastric mucosa 
and lymph nodes decrease it. An attempt has been made to obtain 
active fractions from these tissues. Apparently the promoting fractions 
are water soluble and ether insoluble; the inhibiting fractions are ether 
soluble and acetone insoluble (Maisin, Vassiliadis and Godenir, 1935; 
Brues, Jackson and Aub, 1936). 

The production of tar skin cancer in mice seems to depend on the 
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condition of the skin, as Watson and Mellanby (1930) found that car- 
cinogenic activity of tar is increased when fats, and particularly a 
petroleum ether extract of mouse tissues, is applied before tar painting. 
Removal of fat from the skin by petroleum ether decreases the number 
of tumors. However, this conflicts with the claim of Twort and Twort 
(1930) who find that the addition of lanolin to tar diminishes carcino- 
genic activity. Watson (1935) succeeded for the first time in producing 
skin cancer in rats by the repeated application of pinene tar mixed with 
an ether extract of rat tissues. Berenblum (1935) finds that certain 
skin irritants, such as mustard gas, and less so cantharidin, suppress the 
production of skin tumor by tar and dibenzanthracene. 

Andervont (1934) finds that subcutaneous injections of diben- 
zanthracene produce sarcomas in inbred mice, irrespective of whether 
the mice have a high or low spontaneous tumor incidence. This sug- 
gests that the action of this potent carcinogenic substance is presumably 
not modified by constitutional factors. However, Branch (1936) 
reports that dibenzanthracene applied to the skin produced almost 
twice as many tumors in a low cancer strain as compared with a high 
cancer strain. Lynch (1935) describes similar results. 

In concluding this chapter it can be stated that the discovery of pure 
carcinogenic chemicals has opened up a large field of cancer research to 
more exact experimentation. 

CHEMICAL COMPOSITION OF MALIGNANT TISSUES. ‘The characteristic 
biological behavior of malignant cells within the animal body consists 
in a great capacity for proliferation, the invasion of normal tissues and 
the destructive action upon adjoining normal cells. This at once raises 
the important question whether these properties are not the expression 
of some fundamental chemical changes which result from the trans- 
formation of normal into malignant cells. It is perfectly clear that 
progress towards a solution of this problem will depend largely on 
progress made in the biochemical study of normal cells as well as malig- 
nant cells. 

A great deal of work has been done aiming at the discovery of quali- 
tative and quantitative differences in chemical composition and bio- 
chemical behavior between normal and malignant tissues. However, 
in such work considerable technical difficulties are encountered which 
very often have not been given due consideration. For instance, it 
should be remembered that malignant tumors contain not only malig- 
nant cells but also normal cells (stroma) and since the percentage 
content of these normal cells per unit mass of tumor shows considerable 
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‘variations in different types of tumors, it is desirable to select. tumors 
containing the highest percentage of malignant cells. In our experience 
the Jensen rat sarcoma and the Walker rat carcinoma 256, inoculated 
intramuscularly, are particularly suitable, whereas as a rule certain 
other transplantable tumors and spontaneous neoplasms contain too 
much stroma. Another difficulty is the presence of a variable amount . 
of necrotic tissue which often prevents a clean-cut separation of living 
tumor tissue. Moreover, it is very difficult, if not impossible, to secure 
a true normal tissue control. With certain reservations a spontaneous 
mammary epithelial tumor may be compared with normal mammary 
tissue, and a subcutaneous sarcoma with normal connective tissue. 
Due consideration must also be given to individual variations. This 
requires an adequate number of controlled experimental data. Finally, 
it is well to control the composition of the diet and the food consumption 
of the animals at least in such work where these factors may very well 
be expected to exert an influence on results. A large number of papers 
have failed to comply with these standards. 

Some of these biochemical problems can be attacked by means of 
in vitro cultures of pure strains of cells (Fischer, 1933), though it is 
necessary not to ignore the fact that conditions in vitro differ from 
conditions in vivo by the absence of the circulatory system, and by the 
unavoidable differences in food supply, since no synthetic medium has 
been discovered which will permit the prolonged growth of mammalian 
cells in vitro. 

Recent data bearing on the chemical composition of tumors are 
briefly reviewed by Boyland (1933). The quantitative distribution of 
Na, K, Ca and Mg in malignant tumors and the alleged function of 
these elements in tumor growth is critically reviewed by Shear (1933). 
Analytical data suggest that certain tumors apparently contain less 
copper than normal tissues (Hieger, 1926; Zondek and Bandmann, 
1933; Ellbacher and Gerlach, 1935). This may be of significance in 
relation to the action of copper on certain enzymatic reactions and the 
powerful inhibition of traces of copper on the growth rate of the cell 
nucleus, as shown in experiments on Amoeba proteus (Chalkley and 
Voegtlin, 1931). Several attempts (Scott and Horning, 1932; Hueper, 
1934) have been made to determine the character and composition of the 
mineral skeleton of malignant and normal cells by means of micro 
incineration. However, this promising method must be further de- 


veloped before the various inorganic ash constituents can be identified 
with certainty. 
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Older claims that the tumor nucleic acid differs from thymus nucleic 
acid have not been substantiated (Klein and Beck, 1935; unpublished 
work by Dr. Maver and the writer). Ludford (1928) and others found 
that the chromatin of malignant cells gives, as might be expected, a 
typical Feulgen reaction. The highly cellular nature of neoplasms 
accounts for their relatively high nucleic acid phosphorus (Roffo and 
Pilone, 1930), and diamino acid content (Drummond, 1916; Annau 
and Gdézsy, 1934). 

The lipid content of malignant tumors has been determined by a 
number of workers (Yasuda and Bloor, 1932; Uramoto, 1932; Bierich 
and Lang, 1933; Bronstein and Wolkensohn, 1935). As compared with 
normal tissues and benign tumors, malignant tumors appear to be much 
richer in lipids, especially cholesterol and its esters and phospholipids. 
The influence of diet on the tumor lipids and on tumor growth also 
received attention (Kellner and Lustig, 1932; Haven, 1935). At 
present it is not certain whether any of the lipids have an appreciable 
effect on the tumor growth rate, and recently Haven (1936) concludes 
that the phospholipids of tumors, unlike those of the liver, have little 
if any metabolic function. 

Conflicting claims have been made as to the nature and quantities 
of reducing substances in deproteinized extracts of tumors and normal 
tissues. This is due to the lack of sufficient specificity of the analytical 
methods. The values obtained by iodine titration of acid extracts of 
the living portion of certain transplantable tumors approach those for 
liver extracts, whereas the completely necrotic portion gives very low 
titers. The Sullivan test is negative for both cysteine and cystine in 
freshly prepared living tumor extracts. (Voegtlin and Thompson, 
1926; Bierich and Kalle, 1928.) Before the discovery of ascorbic 
acid, the iodine titer was mistakenly considered as representing the 
glutathione content. However, the introduction of the titration of 
acid tissue extracts with phenol-2 ,6-dichlorindophenol for ascorbic acid 
and more specific methods for the estimation of glutathione (Boyland, 
1933; Woodward, 1935) clearly show that a large part of the iodine 
titer of malignant and normal tissue extracts is accounted for by the 
presence of vitamin C in such extracts. Boyland (1933) and Harris 
(1933) consider that the indophenol titer includes besides ascorbic acid 
also an unidentified reducing substance, since curative tests on scorbutic 
guinea pigs suggest that not more than a third of the reducing material 
reacting with indophenol in extracts of the Jensen rat sarcoma is ascorbic 
acid. This is denied by Musulin, Woodward, Silverblatt and King 
(1936). 
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*\ The hemoglobin producing factors of primary carcinoma of the liver 
were found very low compared with normal liver tissue (Robscheit- 
Robbins and Whipple, 1933). Rat sarcoma 39 was shown to contain 
much less vitamin G (Be) than liver (Brabec, 1935) and low figures were 
also obtained for vitamin B, in Rous sarcoma, Fujinawa rat sarcoma 
and Flexner-Jobling rat carcinoma (Nakahara and Somekawa, 1930). 
Phosphagen and adenylpyrophosphoric acid was found in appreciable 
amounts in various human and animal tumors by Boyland (1932), 
whereas Buchwald (1930) failed to detect phosphagen. Cytochrome 
apparently occurs in malignant tissues in proportion to cell density 
(Bierich, Rosenbohm and Kalle, 1927). 

An interesting question is the production of hormones by malignant 
tumors of hormone producing glands. In the case of primary tumors 
it is difficult to rule out the presence of islets of normal gland tissue. 
This objection was met recently by Engelstad (1936), who showed by 
the acetonitril test that metastases from a human case of carcinoma of 
the thyroid produced thyroid hormone. There are also indications that 
tumors of the islet tissue of the pancreas continue to produce insulin, 
and similarly, tumors of the anterior pituitary the corresponding 
hormones. 


The occurrence of various enzymes and their functions will be dis- 
cussed later. 

The above data show that no conclusive evidence exists at present 
which reveals any qualitative difference in chemical composition 
between normal and malignant tissues. Whatever differences do exist 
are of a quantitative nature, the biological significance of which is 
difficult to evaluate. 

BIOCHEMICAL BEHAVIOR OF TUMORS. Most of our knowledge of tumor 
metabolism has come from in vitro experiments with tissue slices or 
tissue extracts. Only in a few instances has it been possible to carry 
out such work on living tumor animals. For this reason it is well to 
emphasize again the limitations in the biological significance of the 
former type of evidence. Lindbergh and Carrel’s method for the 
cultivation of organized tissues outside the body offers certain possi- 
bilities, though the technical difficulties of this method are obviously 
considerable. Great progress would undoubtedly follow the develop- 
ment of reliable methods for the study of tissue metabolism in living 
animals. 

Carbohydrate metabolism and respiration. The advantages and dis- 
advantages of experimental work in vitro are well illustrated by the 
investigation of carbohydrate metabolism of tumors. This has been 
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reviewed in recent years by Cori (1931), Dickens (1931), Boyland 
(1934) and Holmes (1935). Warburg’s original concept has undergone 
considerable modification by himself as well as by subsequent workers. 
A relatively high aerobic glycolysis was supposed to be specific for 
malignant tissue. However, some spontaneous mouse carcinomata, 
human lymphosarcoma, and mammary carcinoma have shéwn a low 
aerobic glycolysis. This; however, may be largely due to the presence 
of a considerable amount of normal cells. Furthermore, granulomatous 
tissue, caused by certain viruses and ordinary granulomatous tissue, 
glycolyze more or less aerobically. Moreover, in contrast to nucleated 
red blood cells, non-nucleated cells glycolyze also strongly in the presence 
of oxygen. However, red cells differ from tissue cells by their highly 
specialized function and inability to proliferate. It was claimed that 
certain normal tissues (retina, placenta) exhibit aerobic glycolysis, but 
later this has been attributed to tissue injury. In this connection it 
cannot be denied that Warburg’s technic destroys a considerable and 
uncontrollable number of cells of tissue slices. This question was again 
investigated recently by Druckrey (1936), who concludes that injuries 
of various kinds produced in sections of normal tissues cause a very 
high aerobic glycolysis, which, depending on the degree of injury, may 
or may not disappear with time. In all events, it is clear that a high 
aerobic glycolysis does not strictly differentiate malignant tumors from 
other tissues. Since certain tumors show a relatively high oxygen con- 
sumption, the production of lactic acid by tumors has been attributed 
by Warburg to a defective Pasteur reaction. Dickens and Simers 
(1930) have attempted to define more precisely this defective influence 
of respiration on glycolysis. The study of the respiratory quotient of 
malignant tumors and normal tissues in the presence of glucose led 
them to the following conclusion. The R.Q. of normal adult and 
embryonic tissue is 1, which suggests that the respiration is largely due 
to the oxidation of carbohydrate. On the other hand, tumors have a 
low R. Q., suggesting that non-carbohydrate. material is oxidized. 
Hence, “in tumors it is the power to oxidize carbohydrate that is de- 
fective, and instead of the somewhat vague expression damage to respira- 
tion, we may substitute inability to bring about normal oxidation of 
carbohydrate.”” Recently Elliott and Baker (1935) claim that retina 
and brain have a low R. Q., but this may be due to injury effects. 

A beginning has been made to supplement the above indirect evi- 
dence by experiments designed to establish the characteristics of the 
path of carbohydrate metabolism in tumors. The present picture is 
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far from complete, as might be expected from similar work on muscle. 
Dickens and Simers (1930) advance the idea that whereas under aerobic 
conditions the oxidation of the trioses in normal tissues proceeds by way 
of pyruvic acid to CO, and H,O, the malignant tumors produce lactic 
instead of pyruvic acid (see also Elliott et al., 1935). Recently, Scharles, 
Baker and Salter (1935) have tried to clear up a curious paradox. It 
was known for some time that contrary to tumor tissue tumor extracts 
fail to produce lactic acid from either glycogen or glucose. Scharles 
et al. now report lactic acid production from hexosediphosphate in 
extracts of sarcoma 180. It is inferred that this fact indicates a defect 
in the enzyme system responsible for the formation of hexosephosphate 
esters in tumors. <A recent paper by Voegtlin et al. (1935) gives the 
references to work dealing with lactic acid production by tumors from 
various hexoses and pentoses. 

Voegtlin, Johnson and Dyer (1925) used the Clark series of oxidation- 
reduction indicators to compare the reducing power of slices of normal 
rat tissues with those from some well-known transplantable rat tumors. 
They concluded that these tumors do not exhibit a diminished reducing 
power. This was confirmed by Lewis, Barron and Gardner (1931) 
for rat tumors and rabbit carcinoma. However, the Rous sarcoma, 
rabbit, myxoma and some nonmalignant growths produced by viruses 
showed a low reducing power. Elliott and Baker (1935) have studied 


the influence of oxidation-reduction indicators on the respiration and | 


glycolysis of normal and tumor tissue. The observed effect varies 
with the indicator concentration (see also Jares, 1935), high concen- 
trations causing respiratory inhibition, lower ones stimulation. Similar 
results are reported with pyocyanine by Friedheim (1934) and with 
dinitrocresol by Dodds and Greville (1934). These observations indi- 
cate that it is possible to increase respiration of tumors in vitro by 
various agents which are known to promote tissue oxidations. On the 
other hand, Bumm and Appel (1932) report that reduced glutathione, 
but not its disulfide, specifically and reversibly inhibits the Pasteur 
reaction in the Jensen sarcoma. 

Before leaving the subject of carbohydrate metabolism and its rela- 
tion to respiration a few remarks should be made concerning observa- 
tions on tumors in situ. For instance, the high aerobic lactic acid 
production has been confirmed by interesting experiments on intact 
animals by Cori and Warburg (see Cori, 1931). When fasting tumor - 
animals are given intraperitoneal injections of glucose, fructose or 
maltose, the lactic acid production is of sufficient magnitude to cause a 


on 


‘ 
4 
q 
q 
4 
q 
4a 
: 
‘| 
| 
| 
| | 


106 CARL VOEGTLIN 


striking decrease in the pH of the tumor, as measured by the capillary 
glass electrode (Voegtlin, Fitch, Kahler, Johnson and Thompson, 
1935). This clearly indicates that the buffer capacity of these tumors 
can be overcome by glycolysis even in vivo. These observations raise 
interesting questions as to the effect of glycolysis on tumor necrosis 
and the destructive action of tumor cells on adjoining normal tissue. 

Warburg has drawn far reaching conclusions from his studies on 
tumor metabolism, and since these are repeatedly quoted in the litera- 
ture as established facts, it is well to point out the indirect and circum- 
stantial nature of these claims. For instance, it is stated that ‘‘inter- 
ference with the respiration of a growing cell is, from the standpoint of 
the physiology of metabolism, the cause of tumors. If the respiration 
of a growing cell is disturbed, as a rule the cell dies. If it does not die 
a tumor cell results.”” In the absence of any direct evidence in support 
of this statement, would it not be more consistent with the established 
facts to regard the metabolic characteristics of tumors as secondary 
effects, following the transformation of normal into malignant cells and 
not as the cause of this transformation? The claim that malignant cells 
derive their energy for growth exclusively from glycolysis is equally 
open to question. For instance, Laser (1933, 1934) observed prolifera- 
tion of some normal tissues 7n vitro under practically anaerobic condi- 
tions, whereas Wright (1928) working with normal and malignant 
tissues, also in vitro, found that below a critical O, tension mitosis was 
definitely inhibited. Since both workers used short experimental 
periods of 5 to 6 days, it remains to be shown that tissue proliferation can 
proceed anaerobically over long periods, because it is conceivable that 
in the short experiments the oxidation-reduction mechanism of the 
culture medium may have supplied temporarily considerable energy for 
growth even anaerobically. 

Protein metabolism. In attempting to study the chemical factors 
involved in tumor growth, consideration of the metabolism of proteins 
is fully as important as that of carbohydrates. It may be commonplace 
to emphasize the fact that there cannot be growth of neoplastic tissue, 
anymore than of normal tissue, without synthesis of tissue proteins. 
Nevertheless, it is necessary to focus attention on the great need for 
experimental work in this direction. During the last few years a large 
number of papers have appeared which deal with the action of enzymes 
concerned in protein metabolism of normal and neoplastic tissues (see 
Boyland, 1934; Holmes, 1935). It is necessary, therefore, to confine this 
discussion to some general considerations which emerge from the avail- 
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able data. First, it appears that malignant tissues contain the same 
enzymes as do normal tissues, i.e., cathepsin, polypeptidase, dipeptidase, 
arginase, and nuclease. Second, efforts have been made to detect 
quantitative differences in the activity of these enzymes between 
normal and tumor tissues, most of the work being done with tissue 
extracts in vitro under conditions (pH, nature of substrate, O2 tension, 
etc.) which certainly are quite different from the conditions in vivo. 
Therefore, it is unjustifiable to draw from such experiments far reaching 
inferences regarding the function of these enzymes in the regulation 
of tumor growth, unless the experimental conditions approximate as 
closely as possible those in the intact tumor in situ, and unless the 
results are supported by supplementary evidence obtained on living 
tissues. Moreover, it is clear from recent work that the enzymes under 
consideration can be activated and inactivated by substances normally 
occurring in tissues. If, therefore, in the process of extraction or during 
the experimental period these substances undergo a chemical change 
(oxidation, reduction, etc.) the results thus obtained hold only for the 
experimental conditions used. For example, it was found that under 
certain conditions reduced glutathione favors tumor proteolysis. This 
is in agreement with the fact that oxygenation of fresh tumor extracts 
in the neutral pH range inhibits proteolysis (Voegtlin and Maver, 
1932). Evidence of protein synthesis was obtained by oxygenation 
of anaerobic tumor autolysates (Voegtlin, Maver and Johnson, 1933; 
Maver, Johnson and Voegtlin, 1935). The importance of pH in this 
process is shown by the fact that reversal of proteolysis is obtained only 
near neutrality. Instead of oxygenation, Rondoni and Pozzi (1933) 
used H,O, and obtained somewhat less pronounced effects. Blago- 
westschenski and Korman (1935) working with papain found that 
careful use of H2O: also inhibits the degradating action of this enzyme. 
It seems to the writer that H2Oz is a less suitable oxidizing agent for this 
purpose than Oz, since it is difficult to control its oxidizing action upon 
the enzymes and the oxidizable groups (SH) of the substrate. The 
limitations of the experimental evidence and the possible bearing of 
these results for a partial explanation of tumor growth are discussed in 
the above mentioned papers. 

In all events, the question of the enzymatic synthesis of tissue pro- 
teins is a fundamental problem which should be attacked by all available 
experimental methods. To deny a priori, on thermodynamic grounds 
and on the assumption of a simple single reversible reaction, the possi- 
bility of an enzymatic protein synthesis seems hardly tenable, because 
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of the obviously complex nature of the biological system concerned in 
this process. 

The organic sulfur system is evidently not the only factor involved 
in tissue proteolysis-synthesis, since under certain conditions ascorbic 
acid favors the proteolytic action of cathepsin (Karrer and Zehender, 
1933). A tentative explanation would be to hold the apparent oxida- 
tion-reduction potential responsible for the regulation of this enzymatic 
process and its influence on cell growth. It is interesting to note that 
Havard and Kendal (1934) working with cultures of chick embryo 
heart, in which the oxidation-reduction potential of the culture medium 
was set at different levels by the addition of redox indicators, found all 
mitosis ceased between +20 mv. and —30 mv. and migration of cells 
stopped at an Eh of —30 mv. 

Edlbacher and Merz (1927) have found a relatively high arginase 
activity in tumors, embryonic and granulation tissues. Since nucleo- 
proteins are rich in arginine they believe that the high arginase activity 
' is a factor in cell growth and division of these tissues, because tumors are 
incapable of forming urea in the presence of NH,OH and ornithine. 
The tumor arginase, therefore, is supposed to serve in the disintegration 
and possibly the synthesis of nucleoproteins during the course of mitosis. 
Brachet and Needham (1935) find indeed that the arginase activity of 
chick embryos diminishes quite regularly with progressing development 
and diminution of growth rate. These authors recognize, however, the 
inadequacy of the experimental proof of Edlbacher’s hypothesis. As in 
the case of cathepsin, Edlbacher, Kraus and Leuthardt (1933) found 
that the arginase activity is influenced by variations in O, tension or 
addition of SH compounds. Hellerman and Perkins (1935), however, 
point out the conflicting claims made by different workers concerning 
arginase activity and report further work on the activation and in- 
activation of this enzyme. 

Because nucleic acid is a component of chromosomes and is therefore 
concerned probably in the process of cell division, it is of interest to 
investigate enzymes which can act on nucleic acid. Edlbacher and 
Kutscher (1932) found in tumor tissue a nuclease which liberates phos- 
phate from nucleic acid. This action is inhibited by HCN, cysteine and 
SH glutathione. Maver and Voegtlin (1935) confirmed the inhibition of 
tumor nuclease activity by cysteine and SH glutathione and found 
ascorbic acid and anaerobic conditions also inhibitive. Ascorbic acid 
and the SH compounds incompletely inhibit only the hydrolysis of 
nucleic acid to mononucleotides, whereas the hydrolysis of the mono- 
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‘nucleotides which are liberated proceeds until all of the phosphorus is 
in the inorganic form. MacFadyen (1934) reports similar results for 
the Rous sarcoma. We have therefore only an incomplete picture of the 
enzymatic degradation of nucleic acid by tumor enzymes and no evi- 
dence whatsoever as to enzymatic nucleic acid synthesis. 

There are also some suggestive data indicating that tumor growth 
influences the activity of the enzymes in extracts from the normal tissues 
of tumor bearing animals (see Boyland, 1934; Holmes, 1935). 

ATTEMPTS TO INFLUENCE TUMOR GROWTH BY CHEMICAL MEANS. 
Hundreds and hundreds of papers dealing with this subject have ap- 
peared. Most of these are valueless and only test the patience of the 
reader. Although some improvement has come during recent. years, 
the statement made by Woglom seven years ago is still true. He said 
“few investigators seem to realize that cancer research is a discipline 
requiring some apprenticeship and that not everyone with an inoculating 
needle and a dozen white mice can plunge in and emerge with a dis- 
covery.”’ Therefore, if one desires to study the influence of chemical 
factors on tumor growth, it is essential to use an experimental procedure 
which is above criticism. In order to assist in the improvement of the 
present situation some guiding principles shall now be mentioned. 

First—it is important to select a suitable neoplasm for the purpose in 
view. Spontaneous mammary mouse carcinomata, chemically induced 
primary tumors and the transplantable sarcoma 180 show a very low 
normal incidence of tumor regression; and tumor growth, under strictly 
controlled conditions, proceeds at a practically constant rate. If 

transplantable or chemically induced tumors are used pure strain 
animals are preferred. Second—the growth rate of young normal 
animals varies even with the best control of conditions. Similarly, 
even greater variations are observed with a given type of tumor even 
in different animals of the same pure strain. The writer and his asso- 
ciates have found, furthermore, a very considerable variation in growth 
rate in multiple primary mouse carcinomata, all of which obviously 
received the same blood of the host as a source of nutriment. Variation 
in vascularization may partly account for this. The statistical method, 
applied to a large number of experimental and control animals, under 
strictly controlled conditions overcomes this difficulty of individual 
growth variation. In certain work with spontaneous tumors the writer 
and his associates successfully applied the procedure used in experi- 
mental work on normal growth, i.e., control—experimental—and second 
control period, applied to each tumor animal. \'Third—severe hemor- 


‘ 


; 


q 
4 


a 
q 
4 
4 
4 
| 
q 
} 
q 
| 
. 
. 
| 
{ 
| 
4 


110 CARL VOEGTLIN 


rhages from tumor ulceration and intercurrent infections must be con- 
sidered as complicating factors, especially in any work which is supposed 
to prove a greater longevity resulting from the introduction or elimina- 
tion of a chemical factor. Fourth—if chemicals are injected they 
should be given at a distance from the tumor. The results obtained 
with an intratumoral injection are devoid of significance. Fifth—the 
nutritional state of the tumor animals should be controlled as far as 
possible. This applies particularly to chemotherapeutic attempts, if the 
dosage used is liable to influence the food consumption and metabolism 
of the animals. Sixth—it is impossible to transfer results obtained in 
one type of neoplasm to other types without direct verification. Gen- 
eralizations are hazardous. Space does not permit me to extend these 
remarks. 

Nutritional and metabolic factors. Since malignant tumors represent 
a special type of pathological growth it is of the greatest interest to 
inquire whether or not neoplasms can be influenced by the same or 
other nutritional factors which control normal tissue growth. Clinical 
experience, indicating that under ordinary conditions neoplasms exhibit 
progressive growth which only in exceedingly rare instances regresses, 
does not furnish the answer to this question. This problem will only be 
solved by systematic animal experimentation and the.application of the 
modern procedures used in the study of the influence of diet and me- 
tabolism on normal growth. 

Several of the older papers suggest that insufficient food consumption 
has a retarding effect on tumor growth. The influence of caloric intake 
upon the growth of sarcoma 180 has been studied recently by Bischoff, 
Long and Maxwell (1935). Using a commercial feed they find that a 
severe restriction of caloric intake, i.e., 50 per cent of normal, retards 
tumor growth, coincident with a loss in body weight. These results 
obviously could be interpreted differently, since restriction in food 
intake may have caused a deficiency in the supply of essential growth 
factors, apart from the caloric intake. More valuable results could be 
secured by the use of so-called synthetic diets. This same criticism 
applies also to most of the other work in the literature. Another fre- 
quent mistake made is to subject the animals for some time before 
inoculation with a transplantable tumor to a diet deficient in a certain 
vitamin or other essential factor and to use controls on a complete diet. 
If then the percentage of successful inoculations is greater in the control 
animals than in the experimental group, the erroneous conclusion is 
drawn that this particular vitamin is essential for tumor growth, whereas 
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‘ the results could just as well be due to deficient organization of the 
transplant caused by malnutrition of the host. Furthermore, records 
of actual food consumption are generally lacking data which, in recent 
work at the National Institute of Health, have been found valuable in 
the interpretation of results. Hence it is not surprising that the most 
conflicting claims have been put forward as to the function of vitamins, 
amino acids, fats, carbohydrates, etc. in tumor growth. This whole 
subject deserves a thorough reéxamination by means of critical pro- 
cedures. The reader is referred to the abstracts in the American 
Journal of Cancer and only a few papers can be mentioned here. Gilroy 
(1930) states that repeated subcutaneous injections of arginine accel- 
erates the growth of mouse carcinoma 63. Since at present arginine is 
not considered as an essential dietary factor for normal growth, Gilroy’s 
finding may possibly mean that the administered arginine did provide 
the tumor with a surplus of an essential component for the construction 
of nucleoprotein. Drummond (1917) studied the influence of various 
proteins on the growth rate of various transplantable tumors, without 
positive findings. Reiss and Hochwald (1932) claim to have strikingly 
increased necrosis of the Jensen sarcoma by the administration of large 
amounts of glucose, this finding being interpreted as resulting from the 
injurious action of increased lactic acid formation. In unpublished 
work by Dr. J. W. Thompson and the writer on the same tumor, these 
claims could not be corroborated, nor could they support claims that 
the injection of vitamin C accelerates the growth of certain trans- 
plantable tumors of mice and rats. However, these species of animals 
synthesize this vitamin. Working with the Daels and Biltris trans- 
plantable guinea-pig sarcoma, Watson (1936) states that he obtained 
indirect evidence of a shorter life span in tumor animals maintained 
on a diet deficient in vitamin C. Most workers state that vitamin D 
has no influence on tumor growth. The situation with respect to 
vitamins of the B complex is unsatisfactory, since the separate factors 
were not studied individually. Vitamins A and E have not been shown 
to exert an unquestionable influence on tumor growth. No satisfactory 
evidence is available which would indicate that Na, K, Ca, or Mg has 
any specific effect on tumor growth (see review by Shear, 1933). 

The staff of the Lankenau Hospital Research Institute (1936) report 
that the daily subcutaneous injection of cystine disulfoxide into mice 
with spontaneous tumors moderately retards tumor growth rate. This 
is in agreement with Hammett’s idea that this disulfoxide acts as 
a growth inhibitor of normal cells and that the substance is formed in 
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the intermediate metabolism of cystine. This latter claim awaits 
direct confirmation by actual isolation from tissues, obviously a difficult 
task. 

Tissue extracts. In recent years Murphy and his co-workers have 
studied the action of saline extracts of dried normal tissues on tumor 
growth, the basic concept being that tissue growth is controlled by 
stimulating and inhibiting substances of an unknown chemical nature. 
The most significant result was that repeated intraperitoneal injections 
of extracts derived from homologous placenta or embryo skin into mice 
with spontaneous mammary carcinoma resulted in arrest of tumor 
growth in about 70 per cent of the animals and 22 per cent of the tumors 
actually regressed. These changes were associated with a marked 
reduction or absence of mitotic figures. Curiously, these extracts were | 
ineffective when tested on sarcoma 180 (Murphy and Sturm, 1934). 
Extracts of Walker carcinoma 256, prepared similarly to the above 
extracts and injected into mice with sarcoma 180, did not influence 
the growth of this tumor (Van der Schueren, 1935). Recently, Brues, 
Jackson and Aub (1936) using tissue cultures of sarcoma 180 observed 
a growth inhibiting action with purified extracts of the livers from rats, 
mice, or chickens. A great deal of further biochemical work with these 
extracts must be done before this problem is clarified. 

Hormones. Based on Warburg’s observations on the carbohydrate 
metabolism of tumors various attempts have been made to influence 
tumor growth by repeated injections of insulin. It is claimed (Lambret 
and Driessen, 1935) that small doses stimulate, and large doses retard 
tumor growth. This has not been confirmed by other workers, including 
the writer. The French investigators used the Jensen rat sarcoma, which 
generally shows very large variations in individual growth rate and a 
relatively high percentage of spontaneous regressions. This may 
account for the contradictory results. 

Negative results were obtained from injections of thyroxin, para- 
thormone, epinephrine, theelin, theelol, and extracts of calf thymus 
and adrenal cortex (Sugiura and Benedict, 1933; Bischoff and Maxwell, 
1930). Extirpation of the adrenals, thyroid, parathyroid, or sex glands 
did not influence the growth rate of the transplantable tumors studied 
(Bischoff and Maxwell, 1932; Levine and Kugel, 1933; Pribram, 1933). 
Slowed tumor growth, observed coincident with parathyroid tetany, 
can not be interpreted as indicating any direct influence of parathormone 
on tumor growth. 

Perhaps the most convincing evidence of an apparent hormonal 
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influence on tumor growth concerns the pituitary. Extirpation or 
irradiation of this gland by x-rays slows up the tumor growth rate, and 
under these conditions injections of extracts of the anterior lobe ac- 
celerates it (Hayashi, 1930; Ball and Samuels, 1932, 1936; Bischoff, 
Maxwell and Ullmann, 1934; Bischoff, 1935). It is not yet clear whether 
these results indicate a direct influence of the pituitary hormones on 
tumor metabolism or whether they are due to secondary nutritional and 
metabolic changes. It would seem also that work on this problem 
should be done with purified hormones. This applies also to the study 
of the influence of prolan on tumor growth. The claim of Zondek and 
collaborators that the growth of the Ehrlich mouse carcinoma can be 
checked by large doses of prolan could not be confirmed by several sub- 
sequent investigators (Bischoff and Maxwell, 1934; Krehbiel, Haagensen 
and Plantenga, 1934, and others). 

Bacterial toxins. During the last 45 years several attempts have been 
made to cause regression of neoplasms in man and animals by the ad- 
ministration of certain bacterial toxins. Since 1931 the work of Gratia 
and Linz, Schwartzman, Duran-Reynals and Apitz (ref. see, Fogg, 
1935) has aroused new interest in this subject and interesting results 
were obtained with a variety of different animal tumors. At present, it 
appears that the injection of the toxins of B. typhosus, B. proteus vulgaris, 
B. coli, and of the meningococcus, produces a reaction in certain can- 
cerous growth, which, in a variable percentage of animals, causes an 
extensive hemorrhagic necrosis, often followed by tumor regression. 
These toxins are supposed to rupture the fragile newly formed blood 
capillaries in tumors and thus cause death of the malignant tissues. 
This seems to agree with the observation that rapidly growing trans- 
planted tumors are more easily influenced than spontaneous tumors 
with a slower growth rate (Duran-Reynals, 1935). Efforts are made 
now to eliminate from the crude toxins the fractions which are toxic for 
the animal and at the same time preserve the activity on the tumor. 
Schwartzman (1936) reports successful experiments with a combination 
of the filtrate of B. typhosus and homologous antiserum. Shear is en- 
gaged in a chemical fractionation of the toxins of B. coli. Fogg (1936) 
reports inhibition of growth of sarcoma 180 in tissue cultures in the 


presence of the alcohol-insoluble fraction from B. proteus. Injections 


of sterile filtrate of B. histolyticus grown on Brown-Pierce rabbit car- 
cinoma into rabbits carrying this tumor gave negative results (Pom- 
merenke, 1936). Simpson and March (1931) failed in attempts to 
influence spontaneous mouse carcinomata by tuberculin. | Further 
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systematic biochemical work with certain bacterial toxins and of their 
action-mechanism on tumors is likely to yield interesting results. 

Chemotherapeutic agents. Many attempts have been made to discover 
substances, foreign to the animal body, which will exert an injurious 
action upon neoplasms without at the same time causing serious injury 
to the tumor bearing host. So far these endeavors have met mostly with 
failure. For example, more than 150 chemicals, including inorganic 
substances, coal tar derivatives and organic dyes have been studied 
empirically by Simpson and Marsh (1931) on a spontaneous mammary 
carcinoma of the mouse. 

Exposure of transplants to deuterium oxide before inoculation or 
treatment of tumor animals with this substance have yielded negative 
results (Woglom and Weber, 1934; Sugiura and Chesley, 1934; Rea and 
Yuster, 1934). 

Blair Bell and others claim to have observed a definite therapeutic 
action both clinically and in animals from intravenous injections of 
colloidal lead and certain lead compounds. How far this action de- 
pends on thrombus formation in tumor capillaries (Wood) or on a direct 
toxic action on malignant cells has not been decided. In all events, it is 
certain that the margin between toxic and therapeutic dose is not great 
enough to make practical the lead treatment of malignant disease for 
general clinical use. 

Suggestive results have been obtained in attempts to retard tumor 
growth by agents known to inhibit tissue respiration, i.e., CO, HCN 
and exposure to low O, tension (see ref. Maxwell and Bischoff, 1933). 
It remains to be seen, however, to what extent these positive findings 
are complicated by disturbances in nutrition. 

CONCLUDING REMARKS. The biochemical attack on the complex 
tumor problem has yielded many new facts and ideas of great interest 
with respect to the etiology, the behavior, and the experimental treat- 
ment of neoplasms. It is impossible of course to predict along which 
lines the greatest future progress will be made, but it would seem that 
extension of the work on chemical carcinogenesis, and on the study of the 
biochemical factors controlling normal and malignant tissue growth is 
bound to lead in due time to knowledge of value in the control of neo- 
plastic diseases by chemical means. A hopeful sign for future progress 
is the fact that these problems are now being treated in a truly scientific 
spirit—that is to say—with a critical yet optimistic attitude, which 
recognizes that progress in this, as in any other field, is gradual. 
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THE COMPOSITION OF BONE AND THE FUNCTION OF THE 
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Bone cannot be considered as an inert support as is apparent from 
much evidence, both cellular and chemical. Chievitz and Hevesy 
(48) fed the radioactive isotope ;;P® of inactive phosphorus to rats 
and incinerated the bones after some days determining deposition with 
a Geiger counter: in the adult about 30 per cent of the phosphorus atoms 
deposited in the skeleton were removed in 20 days clearly showing from 
a physical standpoint that bone is in a dynamic state. 

Bone crystals are anisotropic, and the striking pictures which bone dis- 
plays in polarized light are determined by the presence and course of 
positive, uniaxial doubly refractive collaginous fibers (66) (88) (212), 
since in decalcified bone, care being taken to prevent swelling, the 
anisotropism remains unchanged. ‘Tension on the bone intensifies the 
double refraction (66). If the organic matter is removed by heat and 
the inorganic salts examined in air, the positive double refraction is 
increased, but after displacement of the entrapped air with Canada 
balsam, olive oil, etc., weakly negative double refraction is present due 
to the calcium salts as such (reviewed by W. J. Schmidt) (212). 

Further data as to crystalline arrangement are provided by x-ray 
diffraction studies. In the shaft of long bones, x-rays perpendicular 
to the fiber direction produced arced spacings (52) (109) (51) which 
appear as faint rings when the x-rays are parallel to the long axis. 
This orientation of the micelles lengthwise along the bone disappears 
in the region of processes (51): it is undoubtedly of functional advantage 
in resistance to strain. Conflicting views have arisen as to the material 
producing the arcing: better evidence consisting of measurements by 
2 groups (52) (51), and the finding that the degree of arcing is appre- 
ciably lessened in rickets suggests that the inorganic crystallites are 
oriented, but a third group (109) felt that only the collagen fibers had 
preferential arrangement. ° 

CHEMICAL COMPOSITION OF BONE. Organic matrix. The evidence 
indicates that this material is identical with common connective tissue 
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although no recent chemical studies have been reported. Collagen 
resembling that of connective tissue and ligament (197) is present, 
advantage being taken of this in the manufacture of gelatin by mild 
hydrolysis. In addition there are less complex proteins, especially a 
glucoproteid closely resembling mucin of tendon and cartilage (106) 
(217). Other connective tissue constituents are present such as a 
protein precipitated by molybdate but not trichloracetic acid (221) 
which we have found to be soluble in acetone. Small amounts of 
lecithin (0.2 per cent) have been reported (180). In comparison with 
epiphyseal cartilage, bone contains little (102) or no glycogen (103), 
the traces reported apparently being the glucoproteid. 

‘Normal mature bone contains on the average somewhat less than 
half its weight of water and anything up to 25 per cent fat. The 
amounts of fat and water vary within wide limits in different bones 
(250) (98) and depend also on the age (98) (261) (25), state of nutrition 
(250) (109) (256) (40) (199), rate of growth (184), and species (250) 
(4). With respect to age,- between 23 and 150 days in non-lactating 
rats there is a decrease in percentage of water (although the absolute 
amount increases), an increase of organic matter, ash (98) (25) (65) 
(111) (184), calcium (99) (228), and phosphorus (99). Similar findings 
were observed in growing rabbits (261). 

The composition of the dry, fat-free matter is more uniform, being 
roughly 30 to 40 per cent organic and the remainder inorganic material 
(199) (113); the total ash and calcium content of tibiae in newborn 
infants varied considerably but the percentages in dry, fat-free bone 
were found almost constant (29) with slight decrease in ash content 
where mothers had been on a deficient diet (248). Ash content is 
affected by content of Ca and P in the diet, as well as the diet ratio 
Ca:P (169) (229) (113) (25) (24) (36) and vitamin D content; on an 
optimal ratio Ca:P of the diet vitamin D requirement is minimal (24). 
The law of the minimum of Liebig (1843) has been shown to apply to 
bone with respect to Ca and P content of the diet; a low calcium diet 
has been found to stunt bone growth and lead to rickets (250) (4) (228) 
(247) (227) (183) and a low phosphorus intake reduces ash content of 
the bones (146) (233) but the available data show no large change in 
the bone ash ratio Ca:P. In rickets (168) (234) (114) (136) (22) and 
osteomalacia (170) (47) (255) the ash content and breaking strength of 
bone are greatly reduced. 

The inorganic salts are present in sub-microcrystalline form (107), 
the crystal containing decidedly less than one hundred molecules (137) ; 
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Roseberry, Hastings, and Morse (204) found that the x-ray diffraction 
spectrum can be accounted for on the basis of a close packed hexagonal 
lattice containing 4 molecules per unit cell of dimensions a = 20.8 A, 
b = 12A,c = 882A. 

Sex variations are seen in ash, Ca, and P percentages. Female 
chicken bones had more ash than those of males (115). Female rats 
contain a larger percentage of ash, Ca, and P, between weaning and 
adult life than male rats (98) (99) (100) (228) (233). The bones of 
female rats are smaller (less organic matter and water) than males of 
same age reared on comparable diet (98) but in spite of this have at all 
ages a higher percentage than males, of ash (98), calcium (99) (228) 
and phosphorus (99); this sex difference is apparent in rats at 23 days 
(98). Further work is required to tell whether this is due to a slower 
growth rate in females since this causes female type of bone (184) or to 
a direct glandular influence on bone. Lactation caused a 5 to 25 per 
cent decrease of body calcium (228), 99 per cent of which in a normal 
animal is present in the skeleton. It has been reported (216) that Ca 
accumulates in healing fracture callus more rapidly than P. Rats with 
bilateral ovariectomy had less strength in healing callus than controls 
(173). 

The chief inorganic constituents of bone are calcium, ‘phosphate, 
and carbonate. 

Carbonate content of bone. Much greater variations occur in this 
moiety than in the Ca or PO, fractions, dependent on the following 
factors: a. Species: an important observation was made by Kyle (150) 
and confirmed by Morgulis and Janecek (177) who found that the bones 
of certain marine fishes contained about 60 per cent as much carbonate 
as was found in a variety of higher vertebrates, the difference being 
due apparently to the low bicarbonate reserve of fish body fluids. 
b. Age: Kramer and Shear (147) in rats and Neal and associates (179) 
for cattle found that the carbonate content increases with age, especially 
between very young and adult animals. c. Diet: In rickets in rat and 
man there was found an increased carbonate content (119), greater in 
rats than in controls of the same age (147). In the rachitic state caused 
by phosphorus deficiency in diet of cattle there is a decreased ratio of 
phosphate: carbonate (i.e., high CO. content). But feeding a P sup- 
plement permitted recovery of a normal ratio and a high P ration 
produced in some cases a high ratio (179). There is a decreased CO: 
content in bone without a significant change in the ratio non-carbonate 
Ca:P, in acidosis produced by inanition (93), by a ration poor in in- 
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organic salts in rats (34), by ingestion of mineral acid (128) (91), by 
acid rations in swine and calves (241), by rations high in rock phosphate 
(82) or fluoride alone (140) and in swine fed a rachitogenic acid-ash 
diet (161). 1 In alkalosis there was found an increased CO: content, 
in swine fed a rachitogenic alkaline-ash diet (161). A decreased CO, 
content has been reported in the bones of swine fed a Ca poor diet 
(255). 

Analytical results on bone obtained before 1894 present wide dis- 
cordance; readers interested are referred to 8S. Gabriel (84) for bib- 
liography and summary. 

Since the proportions of the inorganic constituents especially carbon- 
ates vary, it is incorrect to assign a clearly defined chemical formula to 
the inorganic bone constituents and to regard bone as a single crystalline 
substance of fixed composition. It will be profitable, however, to 
examine the calcium phosphates in detail in order to evaluate the con- 
stitution of the principal bone salts: the tendency for many calcium 
phosphates to undergo hydrolysis! and form complex salts has led to 
confusion in both biological and chemical literature. 


1A note on calcium phosphate chemistry: Primary calcium phosphate, 
Ca(H:PQ,)s, is very soluble (199) and due to the pH range of animal fluids cannot 
enter into bone formation. Secondary calcium phosphate, CaHPO,, (117) (147), 
and tertiary calcium phosphate Ca;(PQO,)2 are difficultly soluble, but readily 
undergo hydrolysis (211) (116) (257). j 

With regard to Ca;(PO,)2 it has been known for some years that commercial 
products and even laboratory preparations seldom have the ratio Ca:P required 
by this formula (14) (15) (263) (243) (211) (59) (177) (130) (83). Moreover this 
salt does not occur as a mineral (243). Conductivity titration curves of H;PO, 
with Ca(OH), which are far different in the biological ranges of pH from those 
obtained when NaOH is used, are exceedingly valuable in elucidating calcium 
phosphate chemistry as applicable to animal body fluids (257) (116) (112). 

Cameron and Seidell (42) added a dilute solution of Na;PQO, to a neutral aque- 
ous solution of CaCl, and found that after the addition of a few drops of the alka- 
line phosphate the calcium solution became acid to phenolphthalein and the 
precipitate which formed was always CaHPO, at this stage; further addition 
caused the solution to become alkaline and at this time the precipitate contained 
a larger ratio Ca: P than is required by the formula Ca;(PQO,)2 due to the formation 
of a more basic and less soluble salt with Ca(OH),. A similar result was obtained 
by Klement (141). It was found that the product of hydrolysis of the tertiary 
salt with water (251) or dilute alkali consisted of a hydrate corresponding to the 
formula 3 Ca;(PO,)2-Ca(OH), named by Bassett (15) hydroxy-apatite and later 
experiments (211) (59) showed that solid calcium phosphates in the presence of 
water always formed apatites. Bassett (15) examined the solid phases of the 
system CaO-P,0;-H,0 lying between CaHPO, and Ca(OH), in contact for many 
months since equilibria are slowly reached (116) and found that the ratio Ca:P 
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Calcium phosphate salts in bone: These salts are of great importance in | 
bone. It has been held that when conditions are such that calcium 
phosphate is not deposited, no bone salts are deposited (222). The : 
success of Robison and Rosenheim (201) who obtained deposits of 
strontium salts 7m vitro in rachitic cartilage similar to the healing de- 
posits in vivo shows that calcium phosphate is not an imperative product 
of ossifying tissue. It is a noteworthy fact that the same approximate 
molarity ratio Ca:P::1:0.6 was nearly uniformly obtained in various 
healthy mammalian bones (84) (28) (177) (141) (216) (113), in fish bone 
(177), and in a wide variety of pathological states such as in rickets 
(110) ¢85) (161), low phosphorus diet (233), seurvy (35) (240), salt 
deficiency states (34), and after massive doses of irradiated ergosterol 
(148). It seems that calcium and phosphorus are deposited in a nearly ) 
constant ratio regardless of completeness or incompleteness of bone 
development, ash percentage of diet (114) (113), Ca:P ratio of diet, 
body weight or rickets (119). 
The ratio, residual Ca:P derived from analytical results usually 
expressed in per cent (119), as follows: 


Residual Ca = Total Ca — Carbonate Ca 
P Total inorganic P 


which should represent the calcium present in the form of phosphates, 
yielded on untreated bone the values 1.91 (28), 1.92 (119), 1.99 (147) 
(34). While the validity of this ratio residual Ca: P may be questioned 
since it assumes all of the COQ, in bone to be in the form of calcium 
carbonate against available evidence (15) (141), it shows as an approxi- 


as calculated for Ca;(PO,)2 was present over a very limited range and concluded 
that Ca;(PO,)2 was present although unstable. It may be pointed out that even 
this evidence of Bassett is not unassailable since appropriate mixtures of CaHPO, 
and hydroxylapatite can give this ratio (211). Bassett (15) concluded that 
hydroxylapatite is the stable solid phase over a range of acidity of great practical 
biological importance as it can exist in contact with faintly acid, neutral, and 
alkaline solutions. Schleede and associates (211) in diffusion experiments demon- 
strated the ease with which CaHPO, and the tertiary calcium phosphate formed 
hydroxylapatite. Furthermore conductivity measurements show the ease of 
hydrolysis of Ca;(PO,)2 (263) but perhaps the most convincing evidence for the 
instability of this substance derives from x-ray spectrography (243) (211) (204) 
(108) (145) (33) where the spectra of apparently very pure Ca;(PO,). always 
showed the presence of apatite lines. It is thus very probable that Ca3;(PO,), e 
cannot exist in significant amounts as such in the aqueous media of biological 


assemblies and all phosphates less basic than apatite are unstable in water solu- 
tions (251) (211) (59) (15). 
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mation that the phosphate composition is far different from CaHPO, 
where the ratio is 1.29 and approaches that for the tertiary salt. The 
ratio, residual Ca:P is the same in different bones of an individual 
indicating that factors which determine inorganic composition are 
operative throughout, the body (119). 

Uncertainty still exists as to the nature of the principal calcium 
inorganic salts in bone. The evidence will be discussed for theories’ 
which may be summarized as follows: 

1. Mixtures of Ca3(PO,)2 and CaCO; 

_ 2. Secondary calcium phosphate, CaHPO, 

3. A complex salt, carbonate apatite of which there are two choices 

of formula: 


OPO3Ca 
(a) C >Ca CO; 
OPO3Ca 


(b) 3 Cas(PO,)2 CaCO; or 


4. Hydroxylpatite 3 and CaCO; 
5. Multiple apatites with the general formula 
3 Ca3(PO),4)2-CaX, where X = O, Cle, SOx, COs, Fs, ete. 

There is both structural and chemical evidence for the presence of 
water in the calcium phosphate complex. Especially since bone is 
formed in an aqueous system at low temperatures it is probable from 
atomic arrangement that one molecule of water of hydration is present 
in the unit of structure (108). Water is held so firmly in the bone 
salt that it is not driven off by strong ignition (15); Gabriel (84) found 
that it may be driven off by strong ignition with silica and the amount 
was slightly more than 1 per cent of the ash. 

1. Theory of simple mixture of ‘Ca3(POx)2 and CaCO;. This is the 
oldest theory, most recently represented by Marek and associates (161) 
chiefly because of different carbonate content of swine bones in states 
of acidosis and alkalosis. This theory may easily be proved incorrect. 
As already discussed Ca3(PO,)2 does not exist in.a stable form in aqueous 
media; and x-ray spectrography shows that bone has a structure similar 
to the apatite group of minerals and the pattern of CaCO; either as 
calcite or aragonite does not appear in the spectrogram (204) (145) (107). 
The findings of CaCQ; lines in the spectrogram made by one group 


? This formula is preferred by crystallographers since it does not commit 
definitely to an atomic arrangement. 
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(109) have not been confirmed. Moreover, were it a simple solution 
it should not be so greatly affected by variations in the ratio solid 
phase: solution, as was found in equilibration experiments of Bassett 
(15) using bone phosphate and water. 

2. Secondary calcium phosphate, CaHPO,. The theory that the 
secondary phosphate is an intermediary composed in the formation of 
a more basic calcium phosphate has been interestingly developed by 
Shear and Kramer (222). The considerations for this viewpoint are 
entirely theoretical and the salt has not been demonstrated on chemical 
or x-ray analysis. The chief arguments of the proponents are (222): 
1, the presence of Cas(PQO,)2 in bone has never been demonstrated, or 
prepared from simple inorganic solutions; 2, the ion product (Ca**)? X 
(PO,>)? does not appear to be the quantity which determines calcifica- 
tion in vivo or in vitro; 3, when solutions of Ca and PO, are mixed the 
initial precipitate is frequently CaHPO,: this precipitate changes on 
standing to a solid phase whose empirical composition approaches 
Cas(PO,)2; 4, calcification is not obtained experimentally or clinically 
when the empirically derived ion product (Catt) (HPO,>) is mark- 
edly below the solubility product constant CaHPO.. 

The compound CaHPO,, however, is not stable in water and it is 
obtained as a precipitate only from acid solutions (42) (141) (15). 
Kramer and Shear (147) themselves on analysis of early calcification in 
healing rickets found not a low ratio residual Ca:P but a high value; 
the simplest explanation of this high ratio is the presence of basic calcium 
phosphate even in very early deposits. If CaHPQO, were present in 
bone it would upon incineration be converted to pyrophosphate and 
could not be determined until it had been reconverted to orthophosphate 
by acid hydrolysis. This was not found to be the case in the bone ash 
analyses of Morgulis and Janecek (177). Moreover none of the groups 
using x-ray spectrography has reported the presence of CaHPQ,. 


Taylor and Sheard (243) found no evidence of the presence of the min- © 


eral CaHPO,-2H2O nor did Roseberry, Hastings, and Morse (204) 
even in young bone and concluded that if present it was less than 10 
per cent of the total weight. Hendricks and colleagues (107) (108) 


found no evidence of crystalline impurities greater than 2 per cent in — 


their apatite patterns, although it may be objected that the bone was 
drastically treated by them. In the absence of a positive demonstra- 
tion, it must be concluded that secondary calcium phosphate is present 
in small amounts as a transitory intermediary stage if present at all 
in bone. | 
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3a. Carbonate-apatite (Ca(Ca3(PO,)2))CO;. This formula was first 
proposed by A. Werner (258), for groups of certain complex metallic 
salts such as phosphorus, arsenic, and vanadium apatites. It has 
received experimental support from "Gassmann (86) who claimed that 
by treatment with BaCl, the chloride of the complex cation, chlor- 
apatite was obtained, but his results are not convincing (142) (245). 
Also on equilibration of synthetic hydroxyl-apatite with phosphoric 
acid buffer mixtures (143) which if the Werner theory were correct 
should give [Ca{Cas(POx,)2}] HPO, with a ratio Ca:P::1:0.7; this 
ratio was never found. According to the Werner theory, CO: should 
be rather easily given off and this was found to be the case (84) but the 
evolution of COs, is apparently derived from carbonates and bicarbonates 
other than calcium (15). Similarly from the Werner theory, the com- 
plex should go in solution as a unit on prolonged equilibration with 
water, but proportionately far more CO; than Ca or PO, was found in 
the liquid phase (141) and this is a disquieting feature towards accept- 
ing this constitution. 

3b. Carbonate-apatite,nCa3(PO.)2-CaCO;. This notion originated with 
Hoppe-Seyler (118) who noticed the similarity of chemical analysis 
of bone with that of certain mineral phosphorites. It has received its 
greatest support from x-ray analysis although certain chemical evidence 
is also available. The ease with which COs is given off on gentle heating 
which led Gabriel (84) to assume the carbonate-phosphate combination 
has been discussed. Differential citrate solubilities are considered by 
Jacob and associates (107) (130) as evidence in favor of this structure. 
The differential solubility of calcium carbonate on gentle heating with 
glacial acetic acid as compared with bone (insoluble) has been adduced 
by Gassmann (87) as evidence that this salt is in a complex form. 
Chemical analysis of the untreated bone is similar to the carbonate- 


JZ apatite, dahlite (204). This formula receives its greatest support from 


x-ray spectrography. Roseberry, Hastings, and Morse (204) found 
similar crystal structure in dahlite and bone, and made the observation 
that CaCO; does not exist in bone as such. Since bone has approxi- 
mately the same lattice dimensions as fluorapatite, Hendricks and 
associates (107) calculated the mass associated with the unit of structure 
_of the apatite constituent of bone from density (p) determinations 
(op = 3.25 for naphtha extracted bone) as 1030 in agreement with the 
formulas and The value cal- 
culated for Cay(OH)2(PO.)s was 1005, for Cag(H2O)e(PO,). was 967, 
for CayCO3(PO,). 1031, for CayCO3(PO,.)s-H2O 1049. One of the 
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difficulties in x-ray spectrography of bone is that the bone crystallites 
are so small that the reflection lines are diffuse, interfering with recog- 
nition of crystal structure. It has been found difficult on this account 
to differentiate between the various apatite salts (145). Hendricks, 
Jefferson, and Mosley (108) and Bredig (32) hold the view that the 
differences between apatites, although slight, are recognizable. The 
first group believed that the pattern is characteristic for carbonate- 
apatite, while Bredig stated that bone is a hydroxylapatite. 

4. Hydroxylapatite, Ca3(POs)2-Ca(OH)z with CaCO3. The evidence 
in favor of this formula may be summarized as follows. Gabriel (84) 
found an excess (6 per cent) of basic over acid equivalents on bone wet 
ashed. This was confirmed (141) (177). Logan (157) examined 24 
fresh bone specimens for total inorganic base and at least phosphate and 
carbonate and found that the total base was equivalent to the sum of 
the acids within 1 per cent in 15 specimens; 3 agreed within 2 per cent; 
and 6 showed 3 to 6 per cent more base than acid. Further complete 
acid-base studies are needed on this important point. Bassett (15) 
presented evidence that hydroxylapatite is the only calcium phosphate 
that could possibly be stable under the condition of bone formation: 
“The ratio P20;:CaO derived from Gabriel’s analyses assuming all the 
CO, is present as normal carbonate is too acid and assuming only bi- 
carbonates is too alkaline; the ratio found corresponds well with the 
assumption that the principal salt is Cas(PO4)e-Ca(OH)2 mixed with 
CaCO; and small amounts of bicarbonates of Mg, Na, and K.”’ Klem- 
ent, who has vigorously supported the hydroxylapatite constitution 
in recent years, has assumed that most of the Na, K, and Mg in bone 
are bound with the CQ, since far greater quantities (141) of CO: are 
extracted from Gabriel method bone-ash on equilibration with water 
than Ca or PQ, (it is hard to see why, unless a complex salt were present, 
involving Mg, Na, and K, they would not be extracted during the 
preparatory process). This being the case only a small amount of 
carbonate would remain to form CaCQ;. In equilibration of basic 
calcium phosphate with carbonate containing fluids, Tyrode solution or 
NaHC0O;, the precipitate (143) contains far less carbonate than the 
carbonate apatite formula requires. The widely differing carbonate 
content of bone has offered difficulties in the carbonate-apatite assump- 
tion. It is hard to deny that at least a part of the calcium phosphate 
complex is present as hydroxylapatite. 

5. Multiple apatite theory, nCa3(PO,)2-CaX2. De Jong (137) and 
others (243) from x-ray studies suggested that the bone salts resembled 
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the apatite series of calcium phosphate minerals represented by the 
formula given immediately above where X represents Cle, O, F., SOx, 
(OH)2, CQ;, etc. There are structural reasons (108) based on atomic 
position accounting for the apparent isomorphous replacement of F in 
fluorapatite by CO;, Ch, etc., giving a rational explanation for the 
occurrence of these components in phosphate rock and providing sup- 
port for this theory in bone. Upon fossilization of bone the carbonate 
group and water molecule are replaced by fluorine (107). Fossil bone 
has a higher F content than normal bone (44) (196) and this tends to 
increase with geological age (44), finally approaching 3 to 4 per cent. 
The question has been pointedly put by Morgulis and Janecek: “if 
bone were a definite crystalline compound of carbonate and phosphate of 
calcium, its formation might be hastened or delayed by variations in the 
concentrations of the essential components in the blood stream, but 
would this effect the composition of the crystal?” The apparent excess 
of basic over acid equivalents, the general apatite structure of bone, the 
absence of CaCO; lines in the x-ray spectrum, the variations in carbonate 
content and the activity on equilibration with water can be best ex- 
plained on the assumption that the principal bone salts are hydroxyl- 
and carbonate-apatite. The evidence will be presented next that other 
difficultly soluble salts present in body fluids accumulate in bone. 
Magnesium inbone. Insufficient analyses have been made on fat-free, 
marrow-free bone to clarify the function of this substance in the skeleton. 
Mg percentage varies in different bones (99); normally in rats between 
23 and 150 days Mg content increases (99) (182a) but after 50 days Mg 
percentage decreases slightly (100). There is apparently no sex differ- 
ence in Mg percentage nor does Mg deposition fit in smoothly either 
with the deposition of Ca, P, or ash as a whole (99). Normal values for 
Mg in terms of ash percentage are about 0.8 per cent to 1 per cent for the 
femur of swine (140) and rat (100) (182a). Mg cannot replace Ca in the 
diet (183), is not increased in amount in bones of animals receiving 
vitamin D (202); and is reported in rats as decreased by irradiation 
(172). Mg is higher in bones in calcium-poor states than in controls; 
an increase of Mg in bone has been reported resulting from a low Ca 
ration (247) (255), in rickets and osteomalacia (170) (171) (2), after 
thyroparathyroidectomy (97) (101) (57), in fluorosis in pigs fed a rock 
phosphate supplement as the source of calcium (82), or NaF (140) 
where Mg percentage was directly proportional to the F amount fed, 
and on a high Mg diet (39). On a diet greatly deficient in Mg, Orent, 
Kruse, and McCollum found the Mg content of bone was less than 
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bone has a stronger attractive force than any other tissue for Mg, 
although it is subject to release from the bone during the convulsions 
occurring from this diet; bone resulting from this diet was found heavy, 
with increased ash, Ca, and P content. The view that Mg (143) is 
present in bone merely as a constituent of serum in the tissue cannot be 
seriously considered because of the quantities involved. 

In addition to the contribution of magnesium salts to the solid state, 
Mg ions affect the formation of bone. Erdtmann’s discovery (68) 
that magnesium is an activator for kidney phosphatase, which has a” 
confirmed and extended to bone phosphatase (133) is evidence of this, 
as well as the report that Mg added to McCollum’s rachitic diet lessens 

the extent of rickets in rats (69). Magnesium, on the other hand, 


normal, but that it increased in amount during growth, suggesting that 


diminishes calcification occurring in rachitic cartilage in inorganic 
solutions in vitro (200) (225) (149) (231) apparently as a toxic ion effect 
interfering with the “second mechanism” of Robison (200) (201). 

Fluorine in bones. All recent workers report the presence of F in 
mature bone (summary of analyses: (84) (238) (249)). The F content 
of bones varies directly with the F composition of the diet fed (220) 
(140) (49). Fluorine is apparently not a necessary constituent for — 
' normal bone growth since bones were normal in rats on a diet contain- 
ing as little as 0.0006 per cent F (220); normal findings for land animals 
are in the neighborhood of 0.05 per cent of bone ash (0.03 — 0.6 per 
cent) (144) (220) (249) while F content is greater in sea fish (144) and 
in fluorosis resulting from sublethal fluorine addition to the diet where 
F content may approach 1 per cent (1.73 per cent ‘in dog (238), 1.1 
per cent in pig (140)) of moisture-fat free bones. Fluorapatite and 
hydroxylapatite have similar ionic radii and may be isomorphously 
replaced as in fossils (144) but the exact status of the fluorine in bone is ~ 
still a matter in question. 

In fluorosis the bones have a rough surface from exostoses, and are 
lustreless and white (50) (60) (140). Some of the bones are larger 
than normal (82) (195) (140) while rat bones are thinner (20) (60), 
the effects presumably being due to an increase of the marrow cavity 
which may be greatly enlarged (140). In growing rats, there has been 
observed a delay of epiphyseal ossification with resulting shortness and 
bending (20) (213) (60). Perhaps the most striking feature is the weak- 
ness and fragility of this fluorosis bone (30) (82) (167) (140) (23) (165) 
which may lead to fractures (50). The bones show slight (213) (236) 
(166) (105), or no (140) change in ash content; the differences appar- 
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ently being related to Ca content of diet (105); on a diet containing 
0.1 per cent NaF a rather high ratio Ca:P was found (236); Mg and 
carbonate changes have already been: discussed; octahedral crystals 
were reported once in fluorosis bone (30). Bone resorption (60) and 
slight cell changes similar to those in growing teeth (167) (185) (213) 
are found which can be related to an F effect on the calcium depositing 
cells probably of fluorine inhibition of oxidations, rather than destruc- 
tion of cells. 

Lead and its isotopes. There is a striking parallelism between the 
deposition of lead and its radioactive isotopes and calcium. Gusserow 
(94) discovered the regularity and importance of Pb accumulation in 
the skeleton in lead poisoning and the similarity of Pb and Ca deposi- 
tion. Lead is not a necessary skeletal constituent but accumulates 
according to intake. In normal persons not engaged in the lead in- 
dustry in one community values of the order 0.001 to 0.006 per cent 
Pb were found in the skeleton (13), while in another of 26 human bone 
samples examined Pb was present in 7 (0.0002 to 0.002 per cent Pb) 
and absent in 19 specimens, some of which were from old persons (176). 
In lead poisoning Pb accumulates in the skeleton in relatively large 
concentration (174) (175) (259) (260) (9) (7) as much as 39 to 85 per 
cent of the body lead being found in the bones (174) and deposition 
in the marrowless pneumatic bones of hens (174) proved further that 
Pb was actually present in bone. The total amount of lead present in 
the skeleton is small even in an adult dying from lead where it is prob- 
ably less than 1 gram (7) and the minute quantities present hinder the 
identification of the nature of the compound deposited; the case has 
been argued that Pb is deposited as tertiary lead phosphate (9), but 
considering the nature of the body fluids from which it is deposited and 
the similarity of calcium and leadsalts it is more probable that it forms 
an apatite of the nature of carbonate-apatite. 

Aub and colleagues have specially studied mobilization of Pb from 
the skeleton which occurs in acidosis (ingestion of HzsPO, or NH,Cl), and 
on a low calcium diet (9). Parathormone when first administered to 
patients with plumbism increased the excretion of lead but when given 
a second time little or no increase resulted (127). 

The deposition of lead and its radioactive isotopes is not a random 
occurrence in the skeleton but occurs in certain areas considered later. 
Following intravenous injection there is not a generalized rapid ac- 
cumulation in the skeleton as would be expected if there were non- 
specific adsorption on the solid phases but a slowly progressive incre- 
mental deposition in bone (17). 
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| ‘The main storage of the radioactive isotopes of lead (radium, meso- 
thorium, thorium B, polonium) also occurs principally in the skeleton 
(162) (18) (89); those elements with a slow rate of decay, because of 
their radioactivity induce quite different physiological effects from 
inactive lead. The amount deposited in the skeleton in fatal human 
cases of radium-meosthorium poisoning has been estimated at 73-150 y . 
(89) (162) (163) and at 48 y 5 years after burial (210) and human 
pathological lesions have been produced with as little as 20 y (58) and 
probably much less. When toxic amounts of radium are given the bones 
are thin and brittle (72) (244) (208). Rarefaction occurs due to necrosis 
of bone and osteitis as shown by Phemister (189) and J. Ewing (72) 
leading to punched out areas in the skull (80) (81) and other flat bones 
(164) while in the long bones spontaneous fracture frequently occurs 
(189) (244) (79) (80). Apparently associated with the katabolic 
changes, there is a marked decrease of resistance to infection in bones, 
and necrosis of vulnerable bones like the jaws is frequent (79) (80) 
(164) (244). There is an increased output of radium following para- 
thormone injections (81) (58) but not viosterol. An interesting feature 
is the development of osteogenic sarcoma in clinical cases (164) which 
occurred in 5 of 18 adults whose death was presumably due to radio- 
activeelements (163) and experimentally in rabbits some months follow- 
ing intravenous injection (208) and local application (214) (215). 

Organic dye substances. a. Alizarate. Numerous investigations have ) 
shown that the indicator dyes, alizarin and related anthroquinones 
(purpurin, etc.) as well as the plant madder in which they naturally 
occur stain new bone when present in body fluids principally by forming 
calcium lakes (92) (41) (31). Localization seems to be determined by —— 
the concentration of calcium ions, certainly by new deposits of calcium 
salts. Old bone is slightly if at all stained while zones of new growth 
and repair stain deeply: thus fracture callus in the rat was unstained up 
to 10 days, deeply stained from the 10th to 60th day and practically 
unstained thereafter (41). 

b. Certain large molecular, colloidal dyes like lithium carmine and 
the azo-dye trypan blue have also a marked affinity for growing bone 
differing in mechanism from alizarate. The growing centers of ossifi- 
cation stain much more deeply than fully formed bone (232) (43). 
The effect seems to be in part. due to the staining of the organic matrix 
since it is not abolished by decalcification of the specimen and is present 
before Ca salts are laid-down (26). The osteoblasts show sparse dye 
granules like fibroblasts: the presence of reticulo-endothelial cells con- 
taining the dyes also contributes to the color effect. Osteoclasts do 


132 CHARLES HUGGINS 


not ingest these dyes, and other particulate matter has not been demon- 
strated in them (232); in this way they differ from “‘pathological” giant 
cells. 

c. Litmus components, see below. 

d. Porphyrin, mostly uroporphyrin, isolated from the urine of 
patients with hematoporphyrism injected in young animals caused a 
pigment deposit in all of the bones while in old guinea pigs none occurred 
except in fracture zones (83). With small doses only growth zones were 
stained (76) (78). Injections of a synthetic isomer, isouroporphyrin, 
similarly stains young bone (78), as does hematoporphyrin prepared 
from ox blood (96). 

Miscellaneous solid phases. In a case of human silver poisoning, Ag 

was found in bone in concentration (0.21 per cent) exceeded only by the 
kidneys (90). Following mercury injections in rabbits, Hg was found in 
higher concentration in bone than in muscle, after the excretion of Hg 
in the urine had ceased, although earlier the content of both was the 
same (264). The chronic feeding of Sr to dog and rabbit causes rickets 
and osteomalacia with fractures (153) (154) (242) due in large part to 
PO,= binding in the intestine and Sr has been reported in the bones of 
these animals (242) although the Sr content reported seems unreason- 
ably high. 
' Summary. Many if not all substances present in the body fluids and 
difficultly soluble in a faintly alkaline aqueous medium are deposited in 
new bone. From a broad standpoint bone formation cannot be re- 
garded merely as calcification but as a precipitation of difficultly soluble 
salts in living tissue and apatite deposition is quantitatively the greatest 
because the concentration of the apatite components in body fluids is 
greater than any other poorly soluble substance. 

-BoNE CELL FUNCTION. Nothing is known of the pH of bone tissue 
but the relative reaction has been studied by Rous. Following intra- 
peritoneal injections of litmus, bones appeared bluer than the cartilage or 
connective tissue associated with them and the region where ossifica- 
tion was proceeding was a sharp blue line (205): the dye was retained 
more than 7 months resembling madder. Use of the phthalein series 
indicated a bone reaction of pH 7.2 or less (206) (207). This does not 
militate against local alkalosis as a factor of deposition, since this would 
not be expected to persist uncompensated. With these dyes certain 
areas stain deeply and others slightly when at all, indicating a, a physio- 
logical difference (205) between these loci. 

There is further much evidence to show that bone may be separated 
into two functional divisions, growth and apposition zones (including 
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the areas at the epiphyseal plates, the subperiosteal region, bone trabec- 
ulae and fracture callus) behaving in many respects differently from 
dense cortical bone. This evidence includes: b, the predilection of 
young bones for porphyrin and alizarate; c, trabeculae decrease during 
the first weeks of life in kittens, and in cats on a low Ca diet as com- 
pared with a high one (16). Following parathyroid extract injections 
(see below) in rabbits (16) trabecular resorption occurred, as well as 
after irradiated ergosterol (95) although here findings were based solely 
on x-rays. These trabecular rarefactions are the mirror image of d, 
sub-epiphyseal trabecular sclerosis and increase seen in certain intoxica- 
tions caused by phosphorus administration (252) (253) (188) (191), 
lead poisoning (where the content of Pb in trabeculae in cats was 
found greater than in cortical bone (10)), overdosage of vitamin D 
(19) and infections, etc. (104). e. In female pigeons there is a cyclic 
formation of trabeculae associated with ovarian follicle maturation 
(151). jf. The second course of administration of parathyroid extract 
after a rest period to patients with lead poisoning does not cause an 
increased Pb excretion as the first had (127). g. The case of the sub- 
periosteal region where lead is one of the solid phases being deposited 
has been beautifully shown through the co-injection of radioactive 
material by two groups (158) (19). The whole of the subperiosteal 
region does not act as a unit, and areal differences in growth rate account 
for the irregularity of form as seen in the skull and face bones (31): 
moreover this region is more active in young animals than old, since 
subperiosteal resection of bone in young animals is followed by greater 
re-formation of bone than in adult (190). A. There are differences of 
tinctorial reaction between freshly deposited and older bone (254). As 
compared with older cortical bone, the growth zones are characterized 
by many more osteoblasts, much greater circulation, more spongy 
physical character, a greater percentage of organic material and as may 
be inferred from alizarate deposition greater dissociation and calcium 
ion concentration. Moreover the alizarate, porphyrin, Ra, and Pb 
effects show that the older calcified areas of cortical bone are in great 
part sequestered from the circulation and extensive adsorption does not 
take place as it must if bone were considered merely as a solid calcified 
phase in a fluid medium. \ Undoubtedly the organic matrix envelops 
and protects the mineral phases in old bone from the surrounding fluid 
medium. That these differences are of a relative nature is shown by 
chronic parathyroid administration where even old cortical bone is 
extensively involved. 

\ Very little is known about the chemical mechanisms by which bone 
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is formed although the issue has been confused by several theories 
The presence of a phosphoric esterase in high concentration in ossifying 
cartilage, normal bone (198) (199) and heterotopic bone (121) as well 
as a substrate in the body fluids upon which it acts to produce a local 
increase of PO,= ions has been discovered by Robison and pupils. 
Certain physiological experiments delimit the problem further. 

In tissue culture of cartilage from embryonic chickens, Fell found that 
differentiation into bone and essentially normal growth of processes 
and tuberosities occurred, proving that bone cell precursors are present 
in the cartilaginous explant and that form capacity to a large extent 
is residual in the embryonic anlage (74) (75). Fractures of these grafts 
healed by bony union in tissue culture (182). 

Is there a specific cell engaged in the formation of bone? The position 
has been taken that the osseous transformation of connective tissue is a 
phenomenon autonomous in respect to cellular action in that it is an 
independent, interstitial humoral process (156). Supporting evidence 
is the fact that bone has been reported in nearly every mammalian 
tissue, most frequently in association with Ca deposits in dead tissue. 
The effectiveness of Ca salts as a bone stimulus seems to be slight (124). 
Evidence in favor of the osteoblast as a specific cell modifying the 
cellular fluids derives from bone oncology; certain bone tumors and all 
of their metastases wherever located form bone (37) and in transplant- 
able spindle cell sarcoma in rats, Ca injections did not cause bone 
formation (38). 

Extra-skeletal bone formation simplifies this problem in obviating 
extraneous influences. Sacerdotti and Frattin (209) found that ligation 
of renal vessels caused bone formation in the kidney remains in rabbits, 
prevented by simultaneous ureter ligation. Several other methods have 
been devised for producing bone in the urinary tract, such as the repair 
of a bladder defect with a connective tissue patch (181). The cause of 
these experimental bones has been discovered to be the action of epithe- 
lium of the urinary tract on certain connective tissue elements (120) 
(122): transplantation of the mucosa of the urinary bladder in dogs to 
fibroblast sheets like the abdominal wall invariably leads to an epithelial 
cyst formation partly surrounded by bone, as has been confirmed by 
several groups (1) (56) (203) (62) (155) (138) (160). This effect is also 
operative in rat and guinea pig (124) and in the ureter and kidney pelvis, 
and in the gall bladder (126). Bladder epithelium caused bridging and 
body union (55) after subperiosteal resection of ulna in dogs under 
circumstances which would ordinarily result in non-union. Thus the 
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bladder of the dog and some other mammals is lined with an osteogenic 
membrane and the reason why bone does not form in this organ under 
natural states may be ascribed to a nearly perfect defense mechanism 
of the sub-epithelial fibroblasts. It is interesting that the whole of the 
bladder wall is not provided with this defense since the outer layers will 
ossify when the mucosa is transferred from the inside of the bladder 
to the outside (124). Fibroblasts of certain other structures like the 
spleen and kidney do not form bone when bladder epithelium is trans- 
planted into them, but bone forms when connective tissue capable of 
ossifying under this stimulus from, say the abdominal wall, is in- 
serted in these organs with the epithelium (124) (123). The osteogenic 
epithelia modify certain fibroblasts to make bone cells and from then 
on their hereditary features are changed to subserve a new function 
(125). 

The bone cell cannot function if the Bausteine are inadequate. Evi- 
dence presented above shows that calcification ceases because of in- 
sufficient Ca*+* or PO,= in the body fluids and in food starvation. On 
deficient diets consisting of a, low calorie; b, protein deficiencies; c, 
low salt content, it was found (262) that skeletal growth was only 8.7 
to 19.5 per cent of normal over a 40 day period and that the bones were 
both osteoporotic and heavier than controls of same weight, the weight 
increase being due to an organic matter increase (235). Bone forma- 
tion is interfered with in water deprivation (129), deficiency of fat 
soluble vitamins (47) (230) and various infections and intoxications 
(104). 

The growth hormone of the anterior pituctary is also necessary for bone 
growth since dwarfism results when this gland is ablated (5) (237) and 
growth is stimulated by injections of growth-promoting pituitary 
extracts (71) (194) to a point limited bythe maximum growth capacity 
of the cells (70) but this effect of course is not a specific one for bone 
since other soft tissues have increased growth. Thyroid feeding to 
rabbits (187) and normal man (6) (8) causes an increased excretion of 
calcium as occurs in hyperthyroidism in man, a corresponding decrease 
being noted in myxedema (8), the implication being that the increased 
calcium is derived from the skeleton, since Sherman’s studies have es- 
tablished that the skeleton contains something of the order of 99 per 
cent of the total Ca of the body (21). Although bone has a decreased 
Ca content in dogs fed thyroxin (186) and osteoporosis (8) has been 
reported in severe cases of human hyperthyroidism, the mode of thyroid 
operation on bone is unknown. 
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The parathyroid has a peculiarly intimate association with bone, and 
it has been held, not unreasonably, that the hormone exerts its effect on 
calcium metabolism by a direct action on the bones (245) (53) (246) 
(223). It was found that chronic relatively large injections of para- 
thyroid extract caused stunting of growth, resorption of spongy and 
cortical bone with fibrosis and osteoid formation and in some cases 
fractures and epiphyseal separations in puppies (131) (134), guinea 
pigs (27) (132), and rats (135) (152) similar to the disease osteitis 
jibrosa cystica of v. Recklinghausen (clinical review, 12, 54), these bone 
changes occurring whether hypercalcemia was detected or not (132). 
The first action after extract injection was found to be osteoclast 
formation (193) apparent at 6 hours (132). Continued injections in 
the rat led to the refractory state discovered by Pugsley (192) and by 
the 14th day osteoclasts had disappeared. In the rat on a stock diet, 
doses up to 10 units daily produced hard and sclerotic bone with fewer 
osteoclasts than normal and an increase of metaphyseal trabeculae 
far into the shaft (224) (218), while in similar experiments except a 
daily dose of 20 units the bones were soft, trabeculation less than normal 
and osteoclasts much increased (224). Thyroparathyroidectomy delays 
the healing of bone defects (67) (239) (63) and the formation of hetero- 
topic bone (61) (62). 

Limitations of space forbid discussion of why bone marrow is con- 
fined to bone in normal mammals after birth, and the invariable bone 
atrophy of physiological disuse, which indicates the beneficial effects 
on the bone cell of tension, torsion, and pressure, within limits. 

This gallimaufry has been presented as an orientation survey of bone 
physiology. Comprehensive reviews have recently appeared on para- 
thyroid by L. R. Dragstedt (64), Thomson and Collip (245), and Shell- 
ing (233) : on phosphatase by Robison (199) and Kay (139) : pathological 
calcification by Barr (11): histology by Weidenreich (254); the older 

chemical literature by Aron and Gralka (3); growth by Harris (104) 
and Phemister (190). 
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THE FORMATION OF ENZYMES'! 


JOHN H. NORTHROP 
The Rockefeller Institute for Medical Research, Princeton, New Jersey 


In the last ten years a number of enzymes have been isolated and 
cyrstallized and have been found to be proteins. The hydrolytic 
enzymes, urease (Summer, 1), pepsin (Northrop, 2), trypsin, chymo- 
trypsin (Kunitz and Northrop, 3, 4), and carobxypeptidase (Anson, 5) 
appear to be simple proteins since no evidente of a prosthetic group 
has been found, while Warburg’s respiratory ferment, which is an oxi- 
dative catalyst, is a conjugated protein and contains a prosthetic 
group (6). 

Since these proteins exhibit peculiar properties they must have 
peculiar chemical structure and since the chemical properties of mole- 
cules are not additive the entire structure of the molecule must be 
known before the properties of the molecule are completely understood. 
It is usually true, however, that certain chemical properties depend 
markedly on certain groups or atoms in the molecule and to a much 
less extent upon other groups or atoms. These groups which markedly 
influence the activity are frequently referred to as “active groups” 
but it must be realized that the term is relative and that theoretically 
a change in any part of the molecular structure would be expected to 
influence the properties of the molecule. In the case of the yellow 
respiratory ferment Warburg has shown that the activity depends on 
the presence of a characteristic prosthetic group and has determined 
the general nature (7) of the group so that the most important part of 
the structural chemistry of this enzyme is now known. 

The proteolytic enzymes may also have prosthetic groups but there 
is as yet no evidence for their presence so that the activity appears to 
depend on some peculiar arrangement of the amino acids, as is probably 
the case in insulin. Attempts to isolate fragments of the molecule 
possessing some peculiar structure have failed since the activity is 
lost as soon as the molecule is ruptured and there is no means, at 


' The substance of this paper was presented at the Symposium on The Appli- 
cations of Physical Chemistry to Biology at the Harvard University Tercentenary 
Celebration, September 10, 1936. 
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: present, once the enzymatic activity is lost, of recognizing the frag- 
ments which possess the “active group.”’ 
It has been possible, however, to prepare several proteins closely 
related to the active enzymes, but which are themselves inactive, and 
a study of the difference between these inactive proteins and the active 
enzymes has thrown some light on the structure responsible for the 
activity as well as upon the method of formation of the active enzyme 
in the animal body. 
' The results in general indicate that comparatively slight changes 
in an inactive protein may result in the formation of an active enzyme 
and that under certain conditions this reaction is autocatalytic, 7.e., 
some enzymes possess the power to form themselves from inert pro- 
teins. 
j The following inactive compounds have been prepared and conditions 
for their transformation into the active enzyme determined. 

1. Acetyl pepsin (8)—reconverted into active pepsin by acid hydrol- 
ysis of the acetyl groups. | 

2. Inactive, denatured forms of pepsin (9), trypsin (10) and chymo- 
| trypsin (11) (the proteolytic pancreatic enzyme which clots milk). 
These are reconverted into the active enzyme by change of tempera- 
ture or pH. This transformation is probably an internal rearrangement 
of the molecule of, as yet, unknown nature. 

3. The inactive precursors of pepsin (12), trypsin (13) and chymo- 
trypsin (11). Pepsin and trypsin form themselves from their precur- 

sors by an autocatalytic reaction consisting probably of the hydrolysis 
of a polypeptide ring while chymo-trypsin is formed from its pre- 
' cursor by the action of trypsin. This reaction also consists in the 
rupture of a peptide link. Trypsin is also formed from its precursor 
‘ by the action of kinase, a substance present in the small intestine, 
but this reaction is still obscure and will not be considered here. 

4. The kinetics of the formation of bacteriophage have been deter- 
mined (14) and a protein (15) isolated which possesses the charac- 
teristics of bacteriophage. The formation of bacteriophage is a special 
case of autocatalysis. 

Formation of pepsin from acetyl pepsin (8). If a solution of pepsin at 
pH 5.0 to 6.0 is treated with ketene a series of acetyl derivatives of 
decreasing activity is formed. Three such acetyl derivatives have been 
isolated. The first derivative contains 4 acetyl groups attached to~ 
primary amino groups. This compound has the same activity as 

‘ pepsin and the acetyl] groups may be slowly hydrolyzed by long exposure 


a 

i 


146 JOHN H. NORTHROP 


to strong acid. The second derivative contains 7 acetyl groups; in this 
compound three of the tyrosine phenol groups fail to react so that the 
3 inactivating acetyl groups are probably attached to the tyrosine 
phenol groups. This 7 acetyl derivative has 60 per cent of the activity 
of the original pepsin. A third acetyl derivative contains 18 to 20 
acetyl groups per mol and has 10 per cent or less of the activity of the 
original pepsin. Eight to 10 of these acetyl groups are again attached 
to the tyrosine phenol groups. Upon acid hydrolysis the acetyl groups 
attached to tyrosine are hydrolyzed and at the same time the activity 
of the pepsin is recovered. Experiments with glycyl-tyrosine confirm 
the location of the acetyl groups in acetyl pepsin since changing the 
pH of the solution affects the rate of acetylation or hydrolysis of pepsin 
in the same way as it does the rate of acetylation or hydrolysis of 
glycyl-tyrosine. Additional confirmation is obtained by the fact that 
treatment with iodine (16) results in loss of activity. In this case the 
iodine can be shown directly to be attached to the tyrosine of pepsin. 
These results show that acetylating the primary amino groups of 
pepsin has no measurable effect on its activity, while acetylation of 
other groups, probably tyrosine, or iodination of the tyrosine results in 
loss of activity. 

Harrington and Neuberger (17) have recently reported similar results 
with insulin. 

Inactive, denatured forms of the enzymes. A. Pepsin (9). De- 
natured, inactive pepsin may be obtained by bringing a solution of 
pepsin to pH 9.0 to 10.0. Upon neutralization to pH 5.4 some of the 
protein slowly reverts to its native condition and the activity returns. 
The inactive form differs from the active in solubility. 

B. Trypsin. Reversible heat inactivation of trypsin (10). If a solu- 
tion of trypsin in N/100 hydrochloric acid is warmed the enzyme is 
changed to an inactive form which has the properties of a denatured 
protein. Below 30°C. the enzyme is almost completely in the active 
native form while at 50°C. it is 90 per cent inactive and denatured. 
This reaction (10) can be shown to be an equilibrium condition and to 
agree quantitatively with van’t Hoff’s relation between the heat of 
reaction and the effect of temperature on the equilibrium, i.e. 


AH 


where AH has the value of 67,600 calories per mol. Thus, trypsin is 
in equilibrium with an inactive protein and this equilibrium is deter- 
mined by temperature. The transformation from active to inactive 
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‘is accompanied by the absorption of a large amount of heat. A similar 
equilibrium condition is determined by the pH of the solution. The 
percentage of inactive protein formed increases rapidly as the alkalinity 
is increased beyond pH 9.0. This equilibrium accounts in part for the 
decrease in activity of the enzyme in alkaline solution and confirms 
Michaelis’ (18) assumption that the loss of activity in alkaline solution 
is due to reversible inactivation of the enzyme. 

Reversible heat inactivation of chymo-trypsin (11). This reaction is 
quite similar to that just described for trypsin but has not, as yet, 
been worked out in detail. 

The chemical changes accompanying the formation of inactive de- 
natured forms of the enzymes are not known but there is no evidence 
of splitting of the molecule and the change is probably an internal 
rearrangement involving the sulfur groups. 

Formation of enzymes from their inactive precursors. Chymo- 
trypsin from chymo-trypsinogen. Heidenhain (19) and Kiihne (20) 
showed that freshly secreted pancreatic juice was inactive. It was as- 
sumed, therefore, that the enzymes were present in the pancreas in an 
inactive form. The formation of the active enzymes from inactive 
pancreatic juice or from inactive extracts of pancreas has been ex- 
tensively studied but the literature is surprisingly confused and con- 
tradictory. The course of the reaction has been described as catalytic, 
stoichiometric and autocatalytic. These contradictory results were 
obtained with crude preparations and under the conditions of the 
various experiments are probably all correct. During the course of the 
work on the isolation of the inactive form (chymo-trypsinogen) of 
chymo-trypsin and of the inactive form (trypsinogen) of trypsin we 
also obtained a number of apparently inexplicable, contradictory re- 
sults (11). These varying results were eventually found to be caused 
by the presence in amorphous chymo-trypsinogen preparations of 
more or less trypsinogen and of a substance which inhibits trypsin. 
Small amounts of these impurities influence the activation very mark- 


edly and until the protein was crystallized the activation experiments 


could not be repeated with certainty. When the chymo-trypsinogen 
has been recrystallized several times it is freed from inhibitor and tryp- 
sinogen and its activation by trypsin becomes a perfectly definite and 
reproducible catalytic reaction. The rate is proportional to the trypsin 
concentration and also to the chymo-trypsinogen concentration, 7.e., 
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in which 7’ equals the concentration of trypsin and G equals the con- 
centration of the chymo-trypsinogen at time ¢. The kinetics are normal 
for this type of reaction over the entire range studied and it is the 
only enzyme reaction, so far as I know, which shows no abnormalities. 
The rate of activation by trypsin is affected by the acidity of the 
solution in the same way as is the rate of digestion of other proteins 
by trypsin so that that the reaction appears to be analogous to ordinary 
protein hydrolysis. There is one striking difference, however, in that, 
so far as we have been able to determine, nothing is split from the 
chymo-trypsinogen molecule although there is an increase of five amino 
groups per mol. The formation of the active from the inactive form of 
chymo-trypsin, therefore, appears to be due to the opening of a peptide 
ring. The isoelectric point is shifted from about pH 5.0 to about pH 
5.4 and there is a slight decrease in optical rotation but no other chem- 
ical differences have been detected so far. The elementary analysis, 
the tyrosine plus tryptophane content, the diffusion coefficient and 
molecular weight of the enzyme and of its precursor are the same 
within the experimental error. The x-ray diffraction patterns of the 
two substances, according to Wyckoff (21), are quite different and 
show no more resemblance than would be expected between any two 
different proteins. 

In addition to the activation by trypsin, very slow activation occurs 
in slightly acid solution. The activation is not accelerated by pepsin, 
chymo-trypsin itself, enterokinase or trypsinogen. 

Trypsin from trypsinogen (13). As in the case of chymo-trypsinogen 
the activation of trypsinogen changes markedly after crystallization. 
Amorphous preparations are stable in solution and can only be acti- 
vated by the addition of kinase, by large quantities of trypsin or by the 
addition of concentrated magnesium or ammonium sulfate solutions. 
After crystallization, however, the protein becomes transformed very 
rapidly into the active enzyme as soon as it is dissolved in neutral 
solution. This change in behavior is due to the fact that amorphous 
preparations contain traces of a substance which inhibits trypsin and so 
prevents the autocatalytic reaction. As soon as this inhibitor is re- 
moved by crystallization the most minute trace of trypsin starts the 
activation reaction which then proceeds autocatalytically. This reac- 
tion agrees quantitatively with the theory for a simple autocatalytic 
reaction, 7.€., 
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where A is the concentration of active enzyme at time 7 and A, is 
the final concentration of enzyme (or the initial concentration of the 
precursor). The velocity is affected by acidity and temperature in 
the same way as is the activation of chymo-trypsinogen or usual protein 
hydrolysis by trypsin. At pH 5.0 and 8°C. the value of the constant 
is 14.6, 2.e., with unit concentration of trypsinogen the active trypsin 
would increase 14 times per hour. This reaction evidently has a for- 
mal resemblance to bacteria growth curves. The addition of trypsin 
inhibitor to such solutions causes the production of a long lag period 
and the curves obtained under these conditions are very similar to the 
usual bacterial growth curves (22). As in the case of chymo-trypsin 
there is no evidence for the splitting off of any part of the molecule 
during this activation reaction nor is there any marked change in chem- 
ical composition so that the change from the inactive protein to the 


enzyme is probably due to some internal rearrangement in the structure | 


of the molecule. However, the work on this question is still in the 
preliminary stage. The autocatalytic nature of this reaction was 
correctly described by Vernon (23) but subsequently denied by Basten 
and Starling (24) and others. 

Pepsin from pepsinogen. Langley (25) showed that pepsin existed 
in gastric mucosa in a form which differed from the active enzyme in 
that it was much more resistant to alkali. Herriott (12) has recently 
succeeded in isolating and crystallizing this substance. It has no 
proteolytic activity but in slightly acid solution becomes converted 
into active pepsin. The reaction at pH 4.65 is autocatalytic and hence 
is caused by pepsin itself. So far as is known pepsin attacks only 
peptide linkages so that there is reason to believe that the rupture 
of one or more peptide links in the precursor leads to the formation of 
the active enzyme. 

Kinetics of the formation of bacteriophage. Bacteriophage is some- 
thing which increases when inoculated into growing cultures of bac- 
teria and which, when present in high enough concentration, causes the 
bacteria to dissolve. The phenomenon may be quantitatively de- 
scribed (26) by assuming that the percentage increase in the concen- 
tration of bacteriophage is proportional to the percentage increase in 
the number of bacteria per cubic centimeter and that when the ratio of 
phage to bacteria passes a certain critical value the bacteria dissolve, 7.e., 
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If it be assumed that at each division of a bacterial cell conditions are 
proper for the autocatalytic? increase of bacteriophage it is possible to 
derive the proper equation but whether this really represents the proc- 
ess is an open question. 

A protein has been isolated from lysed staphylococci cultures which 
may be propagated in this way (15). The protein has a molecular 
weight of about 500,000 and is adsorbed by bacteria to the same ex- 
tent as is the bacteriophage activity. The loss ix activity at various 
temperatures and pH is proportional to the amount of dénatured 
protein found. The rate of diffusion of the protein and of the active 
agent is the same and the relative absorption coefficients for various 
wave lengths of ultra-violet light are nearly the same when calculated 
from inactivation experiments or when measured directly. The for- 
mation of bacteriophage differs from that of the enzymes previously 
discussed in that it has not, so far, been observed except in the pres- 
ence of living, growing bacteria and there is, as yet, no evidence of a 
precursor. It therefore resembles the viruses in this respect. 

The preceding experiments show that some enzymes, at least, possess 
the property of forming themselves from inert proteins. This property 
leads to some interesting possibilities. Thus, the quantity of an auto- 
catalytic substance which may be detected should theoretically ap- 
proach the limit of one molecule since even though the number of 
molecules doubles only once or twice an hour the quantity present would 
soon become significant. The quantity of an enzyme which may be 
detected by ordinary chemical tests for proteins is about 1/100 of a 
mgm. per cubic centimeter corresponding to about 10" molecules. The 
catalytic test for pepsin or trypsin is at least 10 to 100 times more 
sensitive and the autocatalytic test for trypsin 10 to 100 times more 
sensitive still and corresponds to 10-7 mgm. or 10° molecules. The 
autocatalytic test for bacteriophage will detect the presence of 10~-" 
mgm. protein or about 1000 molecules (22). A solution which by chem- 
ical tests would be said to be protein free can, therefore, still be diluted 
several thousand or, in the case of bacteriophage, several million times 
and still exhibit its characteristic activity. 

Another peculiarity of autocatalytic reactions is the fact that they 
exhibit the same paradox as that of propagation of organisms. Thus, 
the equation for an autocatalytic reaction predicts that the rate is 
proportional to the concentration of the reaction product and hence if 


2 This equation is the same as that found to represent the relative growth of 
various organs (27) but the resemblance is probably a formal one. 
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there is no product present the reaction will not take place. Therefore, 
the product must be available before any can be formed. This diffi- 
culty can be avoided by assuming that there is an independent spon- 
taneous reaction which gives rise to the necessary original molecule of 
the finished product or that some of the final product which has been 
created elsewhere under unknown conditions is added. 

The question also arises as to which enzyme would result if the pre- 
cursor from one species is inoculated with the active enzyme from 
another species. For instance, trypsinogen preparations from cattle 
may be activated by trypsin from swine although the swine trypsin 
differs slightly from cattle trypsin (Ten Broeck, 28). There are two 
possibilities therefore: the swine trypsin may transform the cattle 
trypsinogen into more swine trypsin or may cause the formation of the 
usual cattle trypsin. 

The experiments described in this paper show that active enzymes 
may be formed from inert proteins by change of temperature or pH, 
by simple hydrolysis, by catalysis with other enzymes or by autocataly- 


sis. These observations do not solve the problem of the formation of — 


enzymes but they do indicate that the formation of enzymes is a special 
case of the more general problem of the synthesis of proteins and that 
the change from an inactive to an active protein may be brought about 


by relatively slight changes such as internal rearrangement or rupture 
of peptide links. 
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